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PREFACE
Evolution. Very little of biology can be well understood without a basic understanding
of how life came to be. The enormous biological complexity that we find around
us has its origin in the process of evolution, a concept as elegant as it is simple.
Coincidental though inevitable mistakes accumulate, mostly with negative or neutral
effects. However, rare beneficial mistakes have the tendency to survive. For the last few
billions of years, the term “beneficial” was defined by an organism’s surroundings—
climate, companions, competitors. In a way, the system is internally consistent: nature
itself takes care of mutation and selection and how organisms evolve. This elegant
system has created an overwhelmingly intricate nature that is far beyond the grasp of
our understanding. Life science research is advancing at rapid pace and every day, we
find better models to describe the world we live in. But with every new insight comes
the realization that we are only beginning to appreciate the enormous complexity of
life.
It seems like we are still looking for the veil to lift the tip of.
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ABSTRACT
A profound insight into life can only be obtained by studying living systems
with high spatiotemporal resolution. Until now, the most powerful method
for doing this is light microscopy. Light microscopy allows us to study living
systems, be it cells or complete organisms, with a submicrometer spatial and
subsecond temporal resolution. To study specific molecules or reactions amidst
the multitude of processes going on, one typically labels one specific molecule
or process with a fluorescent marker, and images the system with fluorescence
microscopy. Traditionally, this is done using small organic fluorophores or
fluorescent proteins.
Fluorescent proteins (FPs) are proteins that contain a fluorophore that is
autocatalytically formed and absorbs and emits in the visible wavelength
region. Being genetically encoded, they are ubiquitously used as reporter
genes and as highly specific markers for fluorescence imaging. After the initial
discovery of green fluorescent proteins, many variants with modified and
improved properties were made. For instance, while the first FP was a green FP,
the first variants had altered excitation and emission spectra. Nowadays, FPs
spanning almost the entire visible range are available. One interesting subtype
of fluorescent proteins are what we call “photophysically smart labels”, the
photophysical behavior of which is dependent on the light with which they
have been irradiated. These labels’ emissive properties are of crucial importance
in diffraction-unlimited fluorescence microscopy. We call this class of FPs the
phototransformable FPs. Examples of phototransformable fluorescent proteins
are reversibly photoswitchable FPs and irreversibly photoconvertible FPs.
In this dissertation, I introduce some basic concepts and techniques regarding
the work that follows. Then, I describe in two publications my contribution
to the repertoire of phototransformable FPs: in Chapter 2, I describe how I
could rationally design an FP that is both reversibly photoswitchable from a
v
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bright to a dark state as well as irreversibly photoconvertible from a green to
a red state. I did this by introducing photochromic behavior into Dendra2, a
photoconvertible FP. In Chapter 3, I went the other way around. Using rational
and random mutagenesis, I could introduce green-to-red photoconversion
behavior into the green photochromic FP Dronpa. These studies have led
to two new FPs, namely NijiFP (based on Dendra2) and pcDronpa2 (based
on Dronpa). I showed that these labels can be used in advanced microscopy
applications, including diffraction-unlimited fluorescence microscopy.
In the last two chapters, the focus is on the microscopy, more specifically
photochromic stochastic optical fluctuation imaging (pcSOFI). pcSOFI is a
technique that allows an improvement of spatial resolution by making use of
the intrinsic flickering of fluorophores. Chapter 4 is a reprint of a book chapter
in which I first describe reversibly photoswitchable FPs and their applications
in diffraction-unlimited fluorescence microscopy. In a second part, I describe
how the reversibly photoswitchable FP Dronpa can be used to do pcSOFI. In
Chapter 5 then, I tested a number of FPs as to their performance in pcSOFI
microscopy. From this study, it was found that EGFP, the most widely used FP,
typically seen as a “non-smart fluorophore”, is an ideal label for pcSOFI.
The results that I obtained and describe in this dissertation have contributed to
a broader understanding of FPs at an atomic level. Concretely, they have shown
how particular residues influence particular photophysical properties. Next to
these fundamental insights, I also made several new FPs, the most important of
which are NijiFP, ffDronpa and pcDronpa2. In the second, microscopy-oriented
part of this dissertation, I focused on pcSOFI microscopy. Via the step-by-step
guide and the testing and scoring of different labels, I hope to have broadened
the application area of pcSOFI and hope to have brought this simple and robust
technique to a non-specialized public.
SAMENVATTING
Een grondig inzicht in de levende materie kan slechts verkregen worden via
de studie van levende systemen met hoge spatiotemporele resolutie. De tot op
heden meest krachtige techniek hiervoor is lichtmicroscopie. Lichtmicroscopie
laat toe om levende systemen, zij het cellen of volledige organismen, te
bestuderen met een submicrometer ruimtelijke en subseconde temporele
resolutie. Om specifieke moleculen of specifieke reacties te bestuderen
temidden de veelheid aan processen in de cel, wordt vaak gebruik gemaakt
van fluorescentiemicroscopie. Hierbij wordt een molecule of proces fluorescent
gemerkt met een klein organisch fluorofoor of een fluorescent proteïne (FP).
FPs zijn genetisch gecodeerde fluoroforen die autokatalytisch een chromofoor
vormen. Ze worden veelvuldig gebruikt als reportergen en als zeer specifieke
merkers voor fluorescentie beeldvorming. Sinds de ontdekking van het
groen fluorescent proteïne zijn heel wat varianten met andere en verbeterde
eigenschappen gemaakt. Zo was het eerste FP een groen FP, maar algauw
werden varianten met excitatie- en emissiegolflengtes die zo goed als het
volledige zichtbare spectrum beslaan, ontwikkeld. Een interessant subtype
van fluorescente proteïnen zijn wat we de “fotofysisch slimme fluoroforen”
noemen: FPs waarvan het fotofysisch gedrag afhangt van het licht waarmee
ze werden beschenen. Deze fotofysisch slimme fluoroforen zijn van cruciaal
belang voor diffractie-ongelimiteerde fluorescentiemicroscopie. We noemen dit
type FPs ook fototransformeerbare FPs. Voorbeelden van fototransformeerbare
FPs zijn de reversibel fotoschakelbare FPs en de irreversibel fotoconverteerbare
FPs.
In dit doctoraatsproefschrift beschrijf ik, na een inleidng die een aantal
concepten en technieken introduceert, aan de hand van twee publicaties mijn
bijdrage aan het repertoire van fototransformeerbare FPs. In Hoofdstuk 2
beschrijf ik hoe ik rationeel een FP kon maken dat zowel omkeerbaar
vii
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fotoschakelbaar was tussen een aan- en een uit-toestand (fotochromisme
genoemd) als onomkeerbaar groen-naar-rood fotoconverteerbaar was. Ik deed
dit door het fotochrome gedrag in Dendra2, een fotoconverteerbaar FP, in te
brengen. In Hoofdstuk 3 heb ik de omgekeerde weg bewandeld. Daarin werd
via rationele en willekeurige mutagenese groen-naar-rood fotoconversiegedrag
ingebracht in het groen fotochrome FP Dronpa. Deze studies hebben geleid
tot twee nieuwe FPs, namelijk NijiFP (gebaseerd op Dendra2) en pcDronpa2
(gebaseerd op Dronpa). Deze zijn inzetbaar in gevorderde microscopie-
toepassingen, waaronder diffractie-ongelimiteerde fluorescentiemicroscopie.
In de twee laatste hoofdstukken heb ik me toegelegd op de microscopie,
in het bijzonder fotochrome stochastische optische fluctuatie-beeldvorming
(pcSOFI). pcSOFI is een techniek die toelaat om de ruimtelijk resolutie van
fluorescentiemicroscopie te verbeteren door gebruik te maken van het feit dat
fluoroforen intrinsiek flikkeren. Hoofdstuk 4 is een boekhoofdstuk waarin
ik in eerste instantie FPs als “fotofysisch slimme fluoroforen” kader, waarna
het gebruik van pcSOFI met het fotochroom FP Dronpa in een praktische
handleiding beschreven wordt. In Hoofdstuk 5 vervolgens, heb ik getest hoe
goed een aantal FP gebruikt kunnen worden om pcSOFI te doen. Daaruit kwam
onder andere dat EGFP, een van de meest gebruikte FPs en algemeen aanzien
als een “niet-slim fluorofoor”, toch ideaal gesitueerd is als pcSOFI label.
De resultaten die ik in dit proefschrift voorleg hebben bijgedragen aan een
algemener begrip van FPs op atomair niveau. Meer concreet hebben ze
geleid tot een inzicht in hoe bepaalde residu’s belangrijk zijn voor bepaalde
fotofysische gedragingen. Naast deze eerder fundamentele inzichten, heeft
deze studie ook een aantal nieuwe FPs voortgebracht. De belangrijkste daarin
zijn NijiFP, ffDronpa en pcDronpa2. Wat het tweede, microscopie-georiënteerde
deel van dit onderzoekswerk betreft, heb ik de techniek van pcSOFI verder
uitgediept. Dankzij de stap-voor-stap handleiding en het testen en scoren van
vele verschillende proteïnen is het toepassingsdomein van deze eenvoudige en
robuuste techniek een breder draagvlak gegeven, en heb ik de techniek voor
een niet-gespecialiseerd publiek toegankelijk gemaakt.
ABBREVIATIONS
p-HBI 4-(p-hydroxybenzylidene)-5-imidazolinone.
avGFP Aequorea victoria green fluorescent protein.
BFP blue fluorescent protein.
CFP cyan fluorescent protein.
FP fluorescent protein.
GFP green fluorescent protein.
MD molecular dynamics.
NA numerical aperture.
NMR nuclear magnetic resonance.
NSIM nonlinear structured illumination microscopy.
OPLS Optimized Potentials for Liquid Simulations.
otf optical transfer function.
PAFP photoactivatable fluorescent protein.
PALM photoactivated localization microscopy.
PCFP photoconvertible fluorescent protein.
PCR polymerase chain reaction.
pcSOFI photochromic stochastic optical fluctuation
imaging.
PDB protein databank.
PDDG/OPLS Pairwise Distance Directed Gaussian / Opti-
mized Potentials for Liquid Simulations.
PEOE Partial Equalization of Orbital Electronegativity.
PSF point spread function.
PTFP phototransformable fluorescent protein.
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RESOLFT reversible saturable optical fluorescence transi-
tions.
RFP red fluorescent protein.
rmsd root mean square deviation.
RSFP reversibly photoswitchable fluorescent protein.
SIM structured illumination microscopy.
SNR signal-to-noise ratio.
SOFI stochastical optical fluctuation imaging.
SRM super-resolution microscopy.
STED stimulated emission depletion.
STORM stochastic optical reconstruction microscopy.
TIRF total internal reflection fluorescence.
YFP yellow fluorescent protein.
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CHAPTER1
INTRODUCTION
In this dissertation, I will set out to explore how the spectroscopic properties of
fluorescent proteins (FPs) can be changed by mutagenesis. This will not only
result in a more profound insight into how specific properties can be explained
and rationally introduced, but these findings can also be applied in the design
of FPs with properties that make them interesting probes for superresolution
fluorescence imaging.
In this first chapter, I will define and discuss basic terminology, concepts
and methods. You will be introduced to fluorescence in general terms after
which focus will shift to fluorescent proteins as versatile genetically encoded
fluorescent labels. You will learn about several types of phototransformation
and how these kinds of photophysical behavior can be modulated by protein
engineering, including a section about how FPs can and should be characterized
in detail. Finally, I will introduce you to fluorescence microscopy as a powerful
tool for studying biological processes, amenable to live cell imaging.
After this introductory chapter, there are four chapters that are in fact reprints
of two published papers, a published book chapter and a manuscript that is in
preparation. The bibliographical reference to these papers is mentioned at the
beginning of each chapter, and I have given details about what I contributed to
each of the publications. You can find the supplementary information of the
first two papers in Appendix A and Appendix B. At the end of this dissertation,
I briefly summarize and interpret my findings in a broader framework, giving
a perspective on what might follow.
1
2 INTRODUCTION
1.1 FLUORESCENCE
1.1.1 LIGHT AND ABSORPTION
Light is a form of electromagnetic radiation with an associated wavelength
λ and energy E. The relationship between the energy and the wavelength is
described by E = hcλ in which h is Planck’s constant* and c the speed of light
†.
Electromagnetic radiation can range from gamma rays with a wavelength of as
low as 1 pm to low frequency radio waves with wavelengths as long as 100 km.
However, visible light is restricted to the 400 nm to 700 nm range.
Light has, next to its wave-like nature, also particulate properties with photons,
as the quanta of light energy are called, being the elementary unit. When the
energy of a photon Eph matches the separation energy Emn between two states
m and n of a molecule, and the transition from state m to n is spectroscopically
allowed, this molecule can absorb the photon and get into an excited state
(Figure 1.1). This process is called absorption. The phenomenon of absorption
is described in quantitative terms by the Lambert-Beer Law. Let us call A
the absorbance, defined by the common logarithm of the ratio between the
light intensity applied to the sample (I0) divided by the light intensity that
has passed through the sample, and has thus not been absorbed, noted as I.
The Lambert-Beer Law then states that A scales linearly with concentration C,
usually in M and the pathlength of the light through the cuvette l. The factor
linking A with l · C is the molar extinction coefficient ε, expressed in M−1 cm−1:
A = log
I0
I
= ε · l · C.
Both A and ε are wavelength-dependent. A plot of A in function of the
wavelength is called an absorption spectrum.
The wavelength of absorption of a given molecule is directly dependent on its
molecular structure. With increasing size of the conjugated system, absorption
occurs at longer wavelengths since as the conjugated system elongates, the
*h ≈ 6.626× 10−34 J s
†c ≈ 2.998× 108 m s−1
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Euo Figure 1.1 – Jablonski diagrams
of absorption and fluorescence. A
photon with energy matching the
separation energy between two
states can trigger an absorption
event. After absorption and non-
radiative relaxation to the vibra-
tional ground state of the excited
state, a molecule can emit a photon
with lower energy and thus longer
wavelength, a process called flu-
orescence. Non-radiative decay is
shown with a fine twisted arrow.
energy gap between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) decreases.
1.1.2 FLUORESCENCE
When a photon has been absorbed by a molecule, several processes can occur.
Most often, the energy is dissipated in the form of heat while the molecule
returns to the ground state. However, some molecules exhibit a process called
fluorescence. When a photon is absorbed, the molecule is brought to a higher
electronic state (state n). Within this electronic state, the molecule can be excited
to any of the vibrational states nq (see Figure 1.1, called a Jablonski diagram).
From this higher vibrational state, the molecule can non-radiatively relax to
the vibrational ground state n0.
The average time a molecule stays in this excited state is called the excited
state lifetime τ, usually in the order of a few nanoseconds, after which it
falls back to the electronic ground state‡. The energy is dissipated by the
emission of a photon with an energy Efluo (Figure 1.1). The energy associated
with such a fluorescence photon (Efluo) is lower than the energy of the
‡The excited state lifetime is also called the fluorescence lifetime.
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excitation photon (Eph) and thus, the wavelength of the emitted photon is
longer than the wavelength of the incident photon. This process, whereby light
is emitted essentially only during the irradiation with excitation light, is called
fluorescence.1
1.2 FLUORESCENT PROTEINS
In 1962, Osamu Shimomura published a paper on the bioluminescent
jellyfish Aequorea victoria (Figure 1.2A) wherein he reported on not only
the bioluminescent aequorin protein, but also the presence of a protein with
fluorescent properties in the green wavelength range.2 This protein was
considered interesting though useless until Martin Chalfie found that its gene
can very well be used as a genetic marker of gene expression in bacteria as
well as in the small nematode Caenorhabditis elegans, an often used model
organism (Figure 1.2B).3 The use of fluorescent proteins has since boomed and
today, almost every biological lab worldwide uses fluorescent proteins for a
variety of applications.
Using Aequorea victoria green fluorescent protein (avGFP) as a genetically
encoded fluorescent marker, however, was not the end of it. FPs have been
discovered in a multitude of marine organisms. One of the most significant
breakthroughs was when Mikhail Matz cloned, from a sample of red mushroom
coral, the DNA coding for a red FP.4 This protein was the first red FP, and
was called DsRed. However, next to fluorescent proteins from different origins,
other colors and properties could be introduced in FPs using molecular biology
techniques (Figure 1.2C). The best-known example is the series of monomeric§
FPs known as the mFruit series, originating from the lab of Roger Tsien.5
The importance of this early work has been recognized with Shimomura,
Chalfie and Tsien sharing the 2008 Nobel Prize in Chemistry.
§It is now known that not all of these are truly monomeric.
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C
Figure 1.2 – Discovery, expression and
mutagenesis of fluorescent proteins.
(A) The jellyfish Aequorea victoria, in
which the original green fluorescent
protein avGFP was discovered. (B) The
cover of Science magazine, featuring the
small nematode Caenorhabditis elegans
expressing green fluorescent protein
(GFP). (C) A range of purified GFP
and DsRed mutants spanning the entire
visible spectrum under UV illumination.
1.2.1 THE STRUCTURE OF FLUORESCENT PROTEINS
Fluorescent proteins are±27 kDa proteins, encoded by±240 amino acids. They
consist of 11 β-strands forming a cylindrical sheet (called a β-barrel or β-can)
with an α-helix running along the central axis of the barrel (Figure 1.3). The
outer diameter is approximately 24 Å and the height of the barrel is about
42 Å.6 The first crystal structure of such FP came only two years after the
first proof that GFP could be used as a genetically encoded marker for gene
expression.6 Since then, many crystal structures of FPs with different origins
or mutants of given FPs have been deposited to the RCSB Protein Data Bank.
In May 2015, a simple search for “fluorescent protein” on http://www.rcsb.
org gave ∼ 600 hits, released between 1996 and 2015. This ever-growing
database, together with the publications describing the spectroscopic properties
of these proteins, holds a wealth of information concerning the mechanisms
and structural features underlying the bio- and photochemistry of fluorescent
proteins and forms the pre-eminent starting point for altering and improving
FPs.
In addition, while no fluorescent protein structure has been de novo solved
by nuclear magnetic resonance (NMR), some interesting insights into the
dynamic structural aspects of fluorescent proteins have been gained using
this technique.7–10
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Figure 1.3 – Structure of GFP and its chromophore. Side (A) and top (B) view of the
β-barrel with the chromophore (depicted in C) in pink
In GFP, three residues, located halfway the central α-helix, form the chro-
mophore after an autocatalytic process that is depicted in Figure 1.4.11 This
process, which only needs O2 as external cofactor, creates the prototypical green
chromophore 4-(p-hydroxybenzylidene)-5-imidazolinone (p-HBI). However,
differently colored FPs with different chromophores exist as well. For instance,
the cyan fluorescent proteins (CFPs) were made by replacing the tyrosine
in GFP’s chromophore by tryptophane, which was mutated to histidine in
blue fluorescent protein (BFP). To make yellow fluorescent protein (YFP),
a tyrosine that could stack with the tyrosine of GFP was introduced, thus
stabilizing the excited state of the conjugated system immediately after
excitation, with resulting red-shifted absorption and emission wavelengths.
The formation of red fluorescent proteins (RFPs) is much more intricate, with
different mechanisms and branched pathways that can lead to many different
chromophores.12, 13
The vast majority of fluorescent proteins, as well as many non-fluorescent GFP-
like proteins called chromoproteins,14 have a distinct β-barrel fold. In search
of longer-wavelength fluorescing proteins, non-β-barrel fluorescent proteins
have been identified, and although these are interesting probes for deep tissue
imaging, they suffer from the need of exogenous ligands and/or from low
brightness.15, 16
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Figure 1.4 – The GFP chromophore is formed in a 3-step process, starting with a
cyclization, followed with an oxidation, forming an imidazolinone moiety and finally a
dehydration, completing the conjugation towards the tyrosine hydroxyphenyl moiety
by a methylene bridge.11
1.2.2 PHOTOTRANSFORMABLE FLUORESCENT PROTEINS AS SMART LABELS
The conventional photophysical life cycle of an FP upon excitation is very
straightforward: it undergoes multiple excitation-emission cycles until it
bleaches out and is considered dead. These are “boring FPs”. However, some
FPs do more than just that: they can change their spectroscopic behavior
on demand through light irradiation. These “smart labels” are known as
phototransformable fluorescent proteins (PTFPs). Three classes of PTFPs can
be distinguished: the photoactivatable, the reversibly photoswitchable and the
photoconvertible fluorescent proteins.
PHOTOACTIVATABLE FLUORESCENT PROTEINS Photoactivatable fluorescent
proteins such as PA-GFP,17 PA-mRFP1,18 PATagRFP19 and PAmCherry-1, -2
and -320 exist natively in a dark, non-fluorescent state, and can be irreversibly
activated to the fluorescent state by irradiation with UV light (see Figure 1.5A).
To make PA-GFP, a single mutation (T203H) in wild type GFP led to a protein
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that, after irradiating the neutral form of the chromophore with 405 nm light,
shows a ∼100-fold increase in fluorescence upon excitation with 488 nm light.
This is due to a decarboxylation of Glu222 which leads to stabilization and
population of the anionic, fluorescent form of the chromophore.21
While an interesting system for tracking cells or molecules and often used in
photoactivated localization microscopy (PALM) (See Section 1.3.3 on page 23),
PA-GFP suffers from spontaneous photoactivation and activation by read-out
light.22 These problems, however, are much less pronounced in the often used
PAmCherry, which is also conveniently situated in a spectral window that
provides higher tissue penetration and lower phototoxicity.
PHOTOSWITCHABLE FLUORESCENT PROTEINS A second group of phototrans-
formable fluorescent proteins is the reversibly photoswitchable fluorescent
proteins (RSFPs). Also called photochromic FPs, these proteins are fluorescent,
and can be brought to a dark, non-fluorescent state by irradiating them with
excitation light (in case of the green RSFPs, light of 488 nm). However, this
dark state is transient and the protein can recover to the bright state, either by
irradiating them with low doses of 405 nm light or due to thermal recovery (see
Figure 1.5B) One can assign quantum yields to both off- and on-switching, so
that QYoff (usually between 10−2 and 10−6) is the fraction of absorbed photons
that gives rise to off-switching and QYon (mostly between 0.5 and 10−2) is the
number of on-switching events relative to the number of absorbed photons.
As can be seen from the quantum yields, on-switching is several orders of
magnitude more efficient than off-switching. Typical examples of RSFPs are
mTFP0.7 (cyan),23 Dronpa (green)24 and rsTagRFP (red).25
The photochromic behavior of RSFPs can largely be explained by three
observations. First of all, the absorption spectra of the on- and off-states
correspond with the base- or acid-induced anionic and neutral states of the
chromophore, respectively. This means that protonation and deprotonation
of the chromophore hold a fundamental key to understanding off- and on-
switching. A second clue comes from crystal structures of RSFPs in the native
on and switched-off state. The on-state chromophore is in a cis-configuration,
but is in the off-state in a trans configuration due to a so-called hula twist
around the methylene bridge. There are, however, a few FPs whose on-state
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Figure 1.5 – The three major classes of phototransformable fluorescent proteins.
(A) Photoactivatable fluorescent proteins exist in a non-fluorescent state, which can
irreversibly be brought to a fluorescent state by activation with 405 nm light. (B)
Reversibly photoswitchable fluorescent proteins, also called photochromic fluorescent
proteins, exist in a bright fluorescent state. High doses of 488 nm light brings them in a
dark, non-fluorescent state, which can be re-activated with low doses of 405 nm light.
(C) Photoconvertible fluorescent proteins are initially bright green fluorescent. High
doses of 405 nm light can convert them to a bright red fluorescent state.
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chromophore is in a trans configuration.26 In the cis state, there is a strong
hydrogen bond between the β-barrel and the hydroxyphenolate group of the
anionic chromophore (e.g. through Ser142 in Dronpa or His148 in rsEGFP), thus
stabilizing the anionic state as well as the cis conformation of the chromophore.
This is not the case for the off-state neutral trans chromophore.
As a third important factor explaining the photochromism of RSFPs, NMR
spectroscopy of Dronpa revealed that the direct β-barrel environment of the
chromophore’s hydroxyphenyl moiety assumes a less rigid, if not disordered,
conformation in the off-state.27 The oligomerization-dependent switching
properties of Dronpa and its mutants are thought to be a direct consequence of
rigidification of this specific β-barrel region upon formation of oligomers.28, 29
PHOTOCONVERTIBLE FLUORESCENT PROTEINS The third class of phototrans-
formable fluorescent proteins are the ones that can be converted from a green- to
a red-emissive state, and are hence called photoconvertible fluorescent proteins
(PCFPs). The most pivotal feature of a photoconvertible fluorescent protein is
the presence of a histidine as the first of three residues forming the chromophore
(a “HYG-chromophore”). Via an elimination reaction, of which the mechanism
is still debated,30–36 the protein’s backbone is disrupted between the His-Cα and
Nα and a double bond is formed between the His-Cα and Cβ. This causes the
conjugated system to be elongated towards the histidine residue, leading to a
red-shifted absorption and emission. Since this mechanism of photoconversion
depends on a highly concerted action of several residues, and involves covalent
modification of the chromophore, this process is irreversible.
The most widely used PCFPs are Kaede,37 EosFP and its improved variants38, 39
and Dendra2,40 which are all green-to-red photoconvertible. However, more
red-shifted PCFPs are available as well, such as PSmOrange, convertible from
a 565 nm to a 662 nm emitting state.41
One particularly interesting point is that almost all PCFPs are tetrameric
proteins which resist or have resisted monomerization rather strongly. For
instance, the monomerization of KikGR to mKikGR took over 15 cycles of
random mutagenesis42 and a time span of 10 years lies between the discovery of
EosFP43 and the publication of its true monomeric variant mEos3.2.39 Moreover,
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the first PCFP Kaede37 has so far resisted monomerization. We noticed this
firsthand when making pcDronpa, a photoconvertible variant of the RSFP
Dronpa, discussed in Chapter 3. We could not make a photoconvertible protein
without turning the monomer into a tetramer, and as soon as the tetramer
interface was broken, the photoconversion was again lost. The nature of this
property is not understood, although one plausible explanation is that the
photoconversion is modulated by the rigidity of the β-barrel, which is in its
turn influenced by oligomerization, as was found studying the oligomerization
of the RSFP Dronpa (see discussion above).
1.2.3 ORIGIN AND DESIGN OF FLUORESCENT PROTEINS
As is clear from the preceding sections, the range of fluorescent proteins is wide,
with an even wider range of properties. And although these properties are
so diverse, many FPs share common ancestors. I will therefore briefly discuss
how this diversity of FPs came to be and which techniques were used to make
modified and improved variants. A protocol that provides practical step-by-
step guidance for designing fluorescent proteins has recently been published44
and includes many of the techniques that are described here.
FPS IN DIFFERENT ORGANISMS
As was discussed in the introduction of Section 1.2 on page 4, avGFP,
the prototypical FP, was discovered in Aequorea victoria, a hydrozoan
jellyfish. However, many more fluorescent proteins and chromoproteins
(their structurally extremely similar light absorbing though non-fluorescing
counterparts¶) have been found in other branches of life as well. For instance,
DsRed, the first red fluorescent protein,4 was found in the antozoan coral
Discosoma sp. Only then it was realized that GFP-like fluorescent proteins
need not be necessarily linked to bioluminescence and many different brightly
colored marine organisms have revealed to express β-barrel proteins that are
either chromo- or fluorescent proteins. Notably, while the majority of FPs is
found in Cnidarian species, they have also been found in the lancelet fish45
¶Chromoproteins can be considered as fluorescent proteins with a quantum yield of
fluorescence of close to or effectively zero.
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and copepoda.46 Extensive engineering (see below) of a lancelet-derived FP
(called LanYFP) resulted in mNeonGreen, one of the brightest FPs so far.47
Phylogenetic trees based on and representing the genealogical relationship
between the different species expressing fluorescent proteins can be found in
several papers.45, 46, 48, 49
As we already mentioned, the quest for more red-shifted fluorescent proteins
has led to the discovery of non-β-barrel fluorescent proteins. These probes
absorb in the red and near-infrared region of the visible spectrum (with
excitation bands ranging from 684 nm (IFP1.415) to 702 nm (iRFP72050). They
are derived from a bacteriophytochrome of Deinococcus radiodurans (for the
IFP series) and Rhodopseudomonas palustris (for the iRFP series). These labels
have allowed deeper tissue penetration, for instance in (phantom) mice,51 but
require the exogeneous addition of biliverdin and have a low quantum yield of
fluorescence (typically ≤ 10 %). Since these restrictions are less of a problem in
photoacoustic imaging, these probes have also found a nice application in that
field.52
RANDOM AND (SEMI-)RATIONAL MUTAGENESIS
In the last two decades, the diversity of fluorescent proteins has not only been
widened by discovering new fluorescent proteins in diverse species, but also by
mutating the already existing ones. For instance, avGFP is hardly used, since
it is mostly UV-excitable, has a strong pH-dependency, is relatively dim and
folds poorly at 37 ◦C. However, two mutations (F64L and S65T) solved most of
these problems and the resulting probe, enhanced GFP or EGFP, is the most
widely used fluorescent protein today. Other derivatives are blue, cyan and
yellow fluorescent protein and optimized variations thereof.53
So how does one optimize and/or modify a fluorescent protein? The first
step is of course selecting the best possible template. This means that the
template is ideally as close to the desired result as possible. The steps that then
usually follow are no different from what protein engineers have been doing
for several decades already: speeding up evolution in the lab; a process that is
called directed evolution.54 The technique of directed evolution consists of an
iterative improvement of the sought after property by repeatedly generating
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Figure 1.6 – The process of protein engineering.
diversity (discussed in this section) and subsequent selection of the clones most
closely matching the sought after property (discussed in the next section). The
process is repeated until a probe of satisfactory performance is identified. This
process, at the heart of protein engineering, is schematically represented in
Figure 1.6.
The most straightforward way of generating sequence diversity in a gene
coding for a (fluorescent) protein is by random mutagenesis. Using polymerases
that incorporate an unusually high number of mutations or using suboptimal
conditions for the polymerase to work in, one can lower the fidelity of a
polymerase chain reaction (PCR) to such an extent that on average one or a few
mistakes per gene are made. Special enzyme mixes are commercially available
for this, but the easiest way of making random mutations is by performing the
PCR using unbalanced concentrations of deoxyribonucleotide triphosphates
(dNTPs) or adding Mn2+ to the PCR reaction mixture. Genes are then cloned
in suitable vectors and expressed in a system that allows screening or selection
of the mutants. Typically, a library of 107 clones can be obtained, with library
size being largely dependent on ligation and transformation efficiency.
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However, several other methods for generating sequence diversity are available.
For instance, mutator strains are bacterial strains that are deficient in DNA
repair mechanisms and thus introduce mutations at higher than normal
rate. However, these strains also mutate their genome (resulting in slow
growth) and can mutate non-FP sequences in the expression vector (such as
resistance marker, origin of replication or promoter sequence) as well, leading
to unpredictable results. Yet other approaches use transposable elements (a
technique that has been used to identify sites at which FPs can be circularly
mutated55) or mutagenic chemicals.
A noteworthy technique for introducing sequence diversity is “sexual PCR”,
also called DNA shuffling. In this technique, a normal PCR is performed on the
template, but the elongation time is reduced to zero, up to 100 PCR cycles are
performed and the template is a mixture of several clones, for instance the best
20 clones that were identified from a random library. In such a scenario, each
primer is elongated with only a few bases before the duplex is molten. The
temperature is then lowered and the elongated primer finds a different template
and again is elongated a few bases. After several rounds, a library is made that
contains full-length products, composed of small fragments of the template
mixture. This way, beneficial mutations that have arisen independently, might
get combined into one mutant bearing both beneficial traits.
Of course, these techniques all rely on purely random generation of mutations.
More rational approaches are possible as well. Making use of structural
insight into the mechanistics of a given process gained from crystal structures,
one can randomly or even rationally mutate only the residues that are
thought to influence the desired behavior. Introducing such point mutations is
easily performed using primers that contain specifically mutated positions
(for rational mutations) or degenerate positions (for site-directed random
mutagenesis). However, the residues in a protein cannot be considered
independent and thus, one or a few rounds of random mutagenesis are often
required to allow the protein to adapt to the newly introduced residues.
Given the many structural data that was available,56–58 we followed this purely
rational approach to make NijiFP (see Chapter 2). Although there are several
crystal structures of PCFPs solved and it is known which residues take part in
the photoconversion, the molecular mechanism behind photoconversion is not
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fully understood. Therefor, next to rationally introducing a point mutation as a
first step, we heavily relied on random mutagenesis to engineer pcDronpa. One
step of site-directed random mutagenesis then finally resulted in the improved
pcDronpa2 (see Chapter 3).
SCREENING AND SELECTION
Generating libraries consisting of millions, if not billions, of clones, is only a
fraction of the work. The major challenge lies in screening and/or selection,
which in many cases reduces throughput significantly. The difference between
screening and selection is subtle and the terms are often mixed up.59 In a
selection process, the library is expressed in conditions where cells expressing
proteins that bear the sought-after condition have a higher chance of survival
compared to the wild type. Ideally, only the cells expressing improved variants
survive. By increasing the stringency of this selection for every round of
mutagenesis, it is possible to iteratively select for better proteins. For example,
looking for improved antibiotic resistance genes, one could increase the
concentration of antibiotic after every round of mutation. The problem with
this approach is that adequate selection systems are hard to find, and it is
quite difficult to assess and correct for the amount of false-positives and false-
negatives; the library easily becomes biased due to noise.
In a screen, however, all mutant phenotypes are expressed, but only the clones
that express a desired trait are chosen to be taken to the next round. The most
ubiquitous of screens is the blue-white screen that screens for bacteria bearing a
vector in which the multiple cloning site has been disturbed by gene insertion.
Since the performance of fluorescent proteins is usually measured in terms
of their spectroscopic properties, which are easily accessible, almost all FP
engineering was performed using screening methods rather than selection
methods.
There is a plethora of methods for screening libraries of fluorescent proteins.
Initially, fluorescence-assisted cell sorting (FACS) has been used, for instance
during the optimization of EGFP.60 However, this technique can only screen
fluorescence intensity after excitation with a given color and it is hard to
achieve single-cell specificity. Therefore, the most common technique nowadays
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relies on expressing the FPs on bacterial plates and assessing those visually
or using a digital camera. In order to screen for photoswitching and/or
photoconversion, we constructed a setup that consists of a high-power lamp
and camera, equipped with a motorized filter wheel for selection of excitation
and emission wavelength, respectively. This way, interesting and/or improved
behavior in terms of photoswitching and -conversion speed, contrast or fatigue
can be detected.
Newer, more advanced screening methods for fluorescent proteins rely for
instance on lifetime screening61 or microfluidics.62 Since bacterial expression
systems lack endogenous biliverdin, bacterial screens for improved IFPs and
iRFPs can only be performed if the bacteria were supplemented with enzymes
assisting in phytochrome biosynthesis.51
1.2.4 FLUORESCENT PROTEIN PURIFICATION
Fluorescent proteins can easily be purified in large quantities from E. coli using
standard protocols. Since FPs tend to be more stable at lower temperatures,
growing cells for ∼72 hours at 20 ◦C results in cells expressing high quantities
of fluorescent protein (up to and above 100 mg of protein from 500 ml culture).
After harvesting, the FPs can well be released from the cell by disrupting them
using a french press. Normally, the FPs are tagged with a His6-tag and can thus
be captured on nickel affinity columns. This already results in a sample of high
purity, but purity can be further increased by gel-filtration chromatography.
Proteins stored at 4 ◦C in a high-salt buffer like TN buffer (100 mM Tris, 300 mM
NaCl, pH 7.4) are stable for over 2 months. Although freezing and thawing
can result in the formation of precipitates, long-term storage is preferably at
−80 ◦C.
1.2.5 FLUORESCENT PROTEIN ASSESSMENT
The wealth of fluorescent proteins brings up another challenge: which
protein is the most appropriate label for a given experiment? Obviously,
brightness is an important consideration, but so is bleaching rate, pKa, folding
efficiency, oligomerization. . . And for the phototransformable fluorescent
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proteins, quantification of their transformation behavior is pivotal to make
an informed decision on the protein one wants to use. It is therefore good
practice in the development of fluorescent proteins to thoroughly study the
newly made FPs on a number of parameters. Here, we give a brief overview of
several spectroscopic and biophysical parameters associated with FPs. Most
of these have been measured and are reported for the proteins developed in
Chapter 2 and Chapter 3.
ABSORPTION, EXCITATION AND EMISSION SPECTRA The most important
property of fluorescent proteins is their absorption, excitation and emission
spectrum. Thus, the first step in the characterization of FPs is measuring those
in all states of the protein (switched-on, switched-off, photoconverted state. . . ).
Measuring these is no challenge, but should be performed with precision, as
most other characterizations depend on these spectra.
PKA OF THE FLUORESCENT PROTEIN As we already discussed for RSFPs on
page 8, the chromophore can exist in either an anionic state (which is for most
FPs the fluorescent form) or a neutral state (mostly non-fluorescent). Since the
cytosol has a pH that is mostly between 7 and 8, proteins bearing chromophores
with a pKa in this range should be avoided. Moreover, when the anionic state
of the FP is the brightest state, as is most often the case, the pKa ideally is
significantly below the pH of the environment in which the measurements are
performed. The pKa is measured by measuring the absorbance of a pH series
of the FP, fitting the maximum absorbance of the neutral or anionic form to a
sigmoid curve, and determining the inflection point.
BRIGHTNESS The molecular brightness of an FP is defined as the product
of the molar extinction coefficient at the absorption maximum and the
fluorescence quantum yield. The classical approach to determine the molar
extinction coefficient depends on calculating the extinction coefficient at 280 nm
(ε280) by adding the contribution of all aromatic residues in the protein.
However, since aromatic residues in FPs are part of the chromophore or
interact with the chromophore, this method cannot be used for determining the
extinction coefficient of FPs. The alternative method (determining total protein
18 INTRODUCTION
concentration by means of an assay like the BCA assay) is possible, but a faster
and more precise method is Ward’s method.63 In this method, we rely on the
fact that, for different FPs with chemically identical chromophores, although
the chromophore’s environment and thus the spectroscopic properties might
be different between these two proteins, the chromophores absorb identically
when the FPs are denatured. This is because the chromophore of a denatured
FP is fully solvent-exposed and thus not influenced by the residues that would
make up its environment in the native protein. The extinction coefficient of
a GFP chromophore (i.e. a chromophore that is chemically identical to the
chromophore of avGFP) in pH 13 (fully denatured) is 44 000 M−1 cm−1. The
extinction coefficient from any fluorescent protein with an avGFP chromophore
can thus be calculated from the absorption of identical dilutions of protein in
neutral and strongly basic (i.e. denaturing) pH.
The quantum yield of a fluorescent protein (ΦX) is calculated by measuring
the absorbance and integrated emission spectrum of a standard molecule (Aref
and Fref, respectively) with known quantum yield (Φref) and comparing this
with the corresponding values of an unknown (AX and FX, respectively) via
the following relation:
ΦX = Φref
FX
AX
Aref
Fref
(
ηX
ηref
)2
in which η is the refractive index of the solvent. In practice, multiple dilutions
of sample and reference are measured, keeping in mind to avoid inner filter
effects by not exceeding an OD of 0.1. ΦX is then calculated from the slope of
the linear relationship of the integrated fluorescence versus absorbance (Γref
and ΓX):
ΦX = Φref
ΓX
Γref
(
ηX
ηref
)2
.
The reference fluorophore depends on the spectral window. For green
fluorescent proteins, fluorescein in 0.1 M NaOH (Φ = 0.925) is a good reference
fluorophore and rhodamine 6G in Tris-NaCl buffer at pH 7.4 (Φ = 0.92) can be
used for red fluorescent proteins.64
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PHOTOBLEACHING There is, at the moment, no standard method for
estimating the rate of photobleaching of a fluorescent protein. This is partially
due to the fact that the fine details of this process are poorly understood,
and the fact that photobleaching may be a combination of many factors and
processes at the same time, such as the wavelength of irradiation, illumination
power, buffer system. . . This is at least partially due to the nonlinear nature of
the process of photobleaching. We measured photobleaching by estimating the
average number of counts that could be detected from a single molecule before
it bleached out (see Figure B.9 on page 175). This method is relative and can
only compare two proteins, but we feel that it is appropriate, since it compares
the bleaching of FPs under a microscope, yielding results that directly relate to
microscopy imaging.
QUANTUM YIELD OF PHOTOSWITCHING AND PHOTOCONVERSION Measur-
ing the quantum yield of off- and on-switching and photoconversion quantum
yields is conceptually easy, but in practice quite complex. We describe in the
appendix, Section B.2 on page 158, how these values can be reliably obtained
using the setup described in Section 3.5 on page 68 and Figure B.10 on page 176.
FLUORESCENCE LIFETIME For some applications, like fluorescence lifetime
imaging, it is necessary to know the fluorescence lifetime of the probe. Using
a pulsed laser, one can measure the time between an excitation pulse and the
detection of an emitted photon, a technique known as time-correlated single
photon counting (TCSPC). The lifetime is calculated by plotting a histogram
of the arrival times, and fitting it to an exponential decay function I(t) =
I0 exp(−t/τ) in which I0 is the intensity at t = 0 and τ is the excited state
lifetime. Of course, the experimentally obtained histogram is convoluted with
the instrument response function (irf) and the fit function should take this
convolution into account.
PROTEIN OLIGOMERIZATION Fluorescent proteins, and PTFPs specifically,
have the tendency to oligomerize. The easiest way to determine whether
the FP exists as a monomer, dimer or tetramer, is to dilute the protein to
a concentration that is physiologically relevant and allow the monomer-
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dimer-tetramer equilibrium to set. We chose to use 0.1 mM, which is the
approximate concentration of an abundant cellular protein, e.g. β-actin.65, 66
Then, the proteins are loaded onto a size-exclusion column, from which an
apparent molecular mass can be estimated using a calibration curve and
comparison with proteins with known oligomeric state (see Figure B.2 on
page 168). Alternatively, analytical ultracentrifugation can give association
constants of the monomer-dimer and monomer-tetramer equilibrium. This
technique is shortly described in Section A.1.2 on page 142. A third alternative
for accurately determining the oligomeric state of fluorescent proteins is size-
exclusion chromatography coupled to a multi-angle light scattering (MALS)
detector. In this multi-angled implementation of dynamic light scattering, the
molecular mass of molecular complexes (e.g. FP oligomers) can be determined
from their scattering profile.37, 67
FOLDING AND MATURATION In the majority of green FPs, the folding of a
fluorescent protein is followed by a three-step maturation process (Figure 1.4).
Since FPs are found in organisms that grow at temperatures well below 37 ◦C,
this folding and maturation is sometimes rather slow. Specific mutations have
been introduced to speed up the folding process, leading to for instance the
YFP variant Venus68 or Superfolder GFP.69 For other types of FPs, such as the
RFPs, this process is often more complicated with branched pathways and
multiple maturation outcomes.70
There is, however, not yet a standardized method for assessing the folding
and maturation speed of fluorescent proteins. The refolding and renaturation
after respectively denaturation or denaturation in a reducing environment (to
break down the chromophore), can easily be measured,71 but does not give
information about the de novo folding and maturation. One system that can
assess this uses anaerobically grown E. coli expressing the protein of interest
followed by measuring the fluorescence signal after O2 administration.
72
Another elegant systems relies on in vitro translation after which the translation
is stopped and fluorescence is followed.73 This system was used in our work
on pcDronpa2 (see Section 3.3 on page 55).
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FUSION PARTNERS The ultimate quality test for fluorescent proteins is of
course using them. As a quality control, many newly developed proteins
have been fused to a wide range of mammalian proteins and expressed in
mammalian cells. This gives a qualitative estimate of the performance of the
fluorescent tag. An example of such series can be found in the publication
reporting mNeonGreen.47
1.3 MICROSCOPY
Just as DNA technology has revolutionized biology in the last few decades, so
has microscopy from the 17th century on. Almost 350 years after the discovery
of micro-organisms by one of the founding fathers of microscopy, the Dutch
Antonie van Leeuwenhoek, we are still using these versatile apparatuses to
unravel the mysteries of the small and the tiny.
1.3.1 FLUORESCENCE MICROSCOPY
A fluorescence microscope consists in its most basic form of only four parts:
a light source, optical elements, the sample and a detector. In a confocal
microscope, the excitation light is focused through the objective lens as a
diffraction-limited spot on the sample. The emitted fluorescence is detected
through a pinhole that is placed in front of a point detector (Figure 1.7A). This
way, out-of-focus light is rejected and the sample is scanned pixel by pixel.
In a wide-field microscope, however, the excitation light is focused on the back-
focal plane of the objective, so that the light illuminating the sample is evenly
distributed within the field of view. The detector is a camera that images the
whole field of view (Figure 1.7B). This results in a very good time resolution:
a very sensitive EMCCD camera can image 512× 512 pixels in 10 ms while
sCMOS cameras can reach a time resolution of down to 2.5 ms for one image
of 512 × 512 pixels. The downside of wide-field imaging, however, is that
out-of-focus light is not removed and causes significantly more background
signal compared to confocal microscopy. For this reason, the excitation light
is often brought to the sample under an angle known as the critical angle.
In such condition, an evanescent wave of light penetrates the sample only
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Figure 1.7 – Schematic representation of (A) a confocal and (B) a wide-field microscope.
a few hundred nanometers. This technique, called total internal reflection
fluorescence (TIRF) microscopy, gives major background reduction. However,
TIRF microscopy is limited to studying fluorophores close to the coverglass,
which in biological imaging boils down to the membrane and membrane-linked
molecules or processes.
1.3.2 RESOLUTION AND THE DIFFRACTION LIMIT
The biggest limitation in light microscopy is the fact that it relies on
light. Behaving like a wave, light undergoes diffraction, which causes an
infinitesimally small emitter to be detected as a so-called diffraction-limited
spot, described by a point spread function. We define the shortest distance
between two points that can be distinguished by an optical system as the
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resolution. Because of diffraction/point spreading, the maximum theoretical
resolution R is limited. The Rayleigh criterion for resolution states that when the
center of one molecule’s emission, characterized by an Airy pattern, coincides
with the first minimum of the other molecule’s emission, the two molecules are
resolved. For wide-field fluorescence microscopy, this resolution R is defined
by R = 0.61λ/NA in which λ is the wavelength of the emitted light in nm. We
see that the resolution is also dependent on the numerical aperture (NA) of the
objective, which is a measure for the angle made between the objective axis
and the maximum cone of light which an objective can collect.
Practically, this means that imaging EGFP (emitting at 507 nm) with a
microscope in perfect condition (perfect optics and perfect alignment) and
an objective with an NA of 1.5, the maximum resolution is about 206 nm. Since
many biological processes happen below this length-scale, diffraction limitation
is a major problem in biological fluorescence microscopy.
1.3.3 SUPERRESOLUTION FLUORESCENCE MICROSCOPY
Recent years have seen a tremendous advancement in fluorescence microscopy
technologies, the most remarkable of which are diffraction-unlimited fluores-
cence microscopy or super-resolution microscopy (SRM) techniques. There
are many flavors of SRM, but their common feature is their dependence on a
non-linear response of the labels’ fluorescence emission to the excitation light to
circumvent the diffraction limit imposed on optical imaging. This is discussed
in more detail in Chapter 4.
Although the importance of SRM techniques has been recognized by the Nobel
Prize in Chemistry in 2014, they have not yet reached their full potential
and are still much less widespread than for instance confocal fluorescence
imaging. This is partially because of the cost of such systems, the technical
challenges in building, using and maintaining the setups and the amount of
data post-processing. Moreover, superresolution imaging comes at a cost for
the experiment as well. Time resolution is usually fairly limited, it is often
impossible to do repeated or chronic measurement because of photobleaching
and imaging more than two colors simultaneously is extremely challenging, if
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not impossible. Also, researchers are only starting to realize the importance of
studying dynamics and processes at diffraction-unlimited resolution.
Several well known techniques for SRM are localization microscopy (e.g.
stochastic optical reconstruction microscopy (STORM) and photoactivated
localization microscopy (PALM)),74 stimulated emission depletion (STED)75
(reversible saturable optical fluorescence transitions (RESOLFT)76 is a variant
that uses FPs) and structured illumination microscopy (SIM).77 These tech-
niques, and specifically how they benefit from photophysically smart labels,
are discussed in Chapter 4.
Stochastical optical fluctuation imaging (SOFI) is a relatively new SRM
technique that relies on stochastic flickering of fluorescent dyes to achieve
diffraction-unlimited resolution, in the lateral (x and y) but also the axial
(z) direction.78 This technique was first demonstrated in samples labeled
with quantum dots,78 later with small organic dyes79 and recently for live
cells labeled with FPs.80 This latter application was named photochromic
stochastic optical fluctuation imaging (pcSOFI). Details about pcSOFI are given
in Chapter 4.
CHAPTER2
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We rationally designed a photoconvertible and biphotochromic
fluorescent protein and proved its applicability in confocal
and wide-field superresolution fluorescence microscopy.
My contributions have been the molecular biology work,
protein purification, a large portion of the biochemical and
spectroscopic characterizations, analysis of the lifetime data,
parts of the PALM data analysis and discussion and preparation
of the manuscript. The Supplemental Information for this paper
is given in Appendix A on page 141.
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Dendra2 NijiFPF173S
2.1 SUMMARY
Advanced fluorescence imaging, including subdiffraction microscopy, relies
on fluorophores with controllable emission properties. Chief among these
fluorophores are the photoactivatable fluorescent proteins capable of reversible
on/off photoswitching or irreversible green-to-red photoconversion. IrisFP
was recently reported as the first fluorescent protein combining these two
types of phototransformations. The introduction of this protein resulted in
new applications such as super-resolution pulse-chase imaging. However, the
spectroscopic properties of IrisFP are far from being optimal and its tetrameric
organization complicates its use as a fusion tag. Here, we demonstrate how four-
state optical highlighting can be rationally introduced into photoconvertible
fluorescent proteins and develop and characterize a new set of such enhanced
optical highlighters derived from mEosFP and Dendra2. We present in
particular NijiFP, a promising new fluorescent protein with photoconvertible
and biphotochromic properties that make it ideal for advanced fluorescence-
based imaging applications.
HIGHLIGHTS: Fluorescent proteins capable of four-way highlighting are ra-
tionally designed • Interesting mutants are characterized through spectroscopy
and modeling • New fluorescent proteins are successfully applied in advanced
microscopy
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2.2 INTRODUCTION
Recently developed imaging methodologies such as photoactivated localization
microscopy (PALM), stochastic optical reconstruction microscopy (STORM),
and derived techniques, have revolutionized fluorescence microscopy by
improving the spatial resolution beyond the diffraction limit of light.22, 81–86 All
of these approaches make use of the dynamic nature of fluorescence emission
at the single-molecule level, and some of the most promising techniques make
use of fluorophores that can be controllably converted from a detectable to a
nondetectable state or vice versa.87, 88
In biological samples, the use of photoactivatable fluorescent protein (PAFP)
has the advantage of allowing genetically-encoded labeling of a target
protein. This can be implemented in a specific and noninvasive fashion for
diffraction-unlimited fluorescence microscopy with a fluorophore that can
change its optical properties on demand. However, the use of PAFPs has
several drawbacks such as their limited number of emitted photons during
one switching event compared to synthetic dyes, and the fact that their
complex photophysics remain only partially understood. At present three
different classes of these labels have been identified, involving reversible
on/off switching of the fluorescence, irreversible green-to-red conversion, and
irreversible off-to-on fluorescence conversion.89
Recently, a new fluorescent protein, IrisFP, was reported.56 This PAFP combines
both irreversible green-to-red photoconversion upon intense irradiation with
405-nm light and reversible on/off switchings in both the green and red forms.
Wavelengths for on/off photoswitchings in green and red forms are 405/488
nm and 440/561 nm, respectively. Very low 405-nm light intensity is required
to perform the highly efficient off-to-on switching of the green form compared
to the green-to-red photoconversion. Not only could such protein be used
for quaternary data storage,90 the irreversible conversion from green to red
allows two subpopulations of the same protein to be distinguished, whereas
the reversible photoswitching allows subdiffraction imaging of both states,
opening up the possibility of pulse-chase superresolution imaging.91 Practical
applications, however, remain limited by the rather fast off-switching rate
and low photostability of IrisFP, drastically restricting the number of photons
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that can be extracted from a single switching event. In addition, its validity
as a fusion partner in biological samples is limited by its oligomeric nature.
Although a monomeric variant (mIrisFP) has been reported,91 it does not fully
address the above-mentioned spectroscopic limitations; e.g., mIrisFP is still
only moderately photoconvertible to the red state (see Table A.1). All these
parameters complicate the use of (m)IrisFP in advanced fluorescence imaging.
The investigation of the chromophore interaction with its environment inside
the β-barrel structure led to the improvement of spectral properties in many
(PA)FPs.19, 20, 23, 32, 34, 56–58, 92 These experimental studies have been supported
by molecular and quantum mechanics calculations33, 93–95 and spectroscopic
studies27, 96–99 that has improved our understanding about the complex
photophysics of these molecules.
In this study, we describe a number of structural themes of major importance for
the introduction of on/off photochromism in virtually any green-to-red photo-
convertible fluorescent protein (PCFP). Recent publications19, 20, 56, 94, 95, 100–103
have shown that the reversible photoswitching and irreversible photocon-
version of fluorescent proteins are largely controlled by a few key residues
surrounding the chromophore. In the case of PAFPs, the residues at positions
157, 159, and 173 (numbering in accordance with IrisFP, corresponding to
residues 165, 167, and 181 in EGFP) (Figure 2.1; Figure A.1, and Table A.1)
are well conserved in terms of identity and conformation in all green-to-red
PCFPs known to date. We hypothesized that by making selected mutations
at these positions in PCFPs with favorable properties, it should be possible
to rationally engineer a new range of better performing four-way optical
highlighters. Here we demonstrate that by combining prior knowledge of
the structure of fluorescent proteins and our understanding of the relation
between the structure and the corresponding photophysical and photochemical
properties we can rationally design molecules with improved characteristics
for advanced imaging applications such as super-resolution microscopy, time-
lapse microscopy, pulse-chase imaging, or single-particle tracking.
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Figure 2.1 – Localization of amino acids influencing the photoisomerization of the
chromophore (A) Typical β-barrel folding of fluorescent proteins. (B) Superposition
of the chromophore and surrounding residues in the green forms of Dendra2 (yellow,
PDB: 2VZX), Dronpa (green, PDB: 2Z1O), mEosFP (pink, PDB: 3P8U), and IrisFP (blue,
PDB: 2VVH). Residues 142, 157, 159, and 173 are represented; residues differing from
the consensus amino acid are labeled in the color corresponding to the protein. The
white sphere represents the water molecule that interacts with Ser142 in IrisFP (specific
hydrogen bonds in IrisFP represented in blue dashes). See also Figure A.1 and Table A.1.
2.3 RESULTS
When discussing the photophysics of reversibly photoswitchable fluorescent
proteins (RSFPs), the residues at position 157, 159, and 173, located around
the chromophore, are of major importance (Figure 2.1; Figure A.1). Mutating
one or more of these residues generally affects the photochromic behavior
(Table A.1) as was demonstrated in Dronpa24 variants such as rsFastLime
(V157G),104 bsDronpa (V157G/M159C/F173C),100 Padron (V157G/M159Y),100
Dronpa-2 (M159T),105 or Dronpa-3 (V157I/M159A).105 Another example is
IrisFP,56 where photochromic behavior was introduced into the green-to-red
PCFP EosFP thanks to one targeted mutation (EosFP F173S) whose influence
is well understood thanks to the crystal structures of both proteins. These
findings are particularly remarkable when one considers the high degree of
structural similarity in the position and conformation of the chromophore and
the above-mentioned amino acids (Figure 2.1). On this basis, we reasoned that
introducing on/off switching properties like that of IrisFP might be possible in
all PCFPs.
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Mutating Phe173 to Ser results in a flip of the Met residue at position 159 toward
the Ser173. This allows for a water molecule (W2188 in IrisFP; Figure 2.1) to
enter the barrel and interact with Ser142. This change in the environment of the
chromophore enables the cis-trans isomerization that is coupled with on/off
photochromism for most RSFPs. As the environment of the chromophore is so
similar in all PCFPs, we reasoned that mutating the well-conserved Phe173 to
Ser in any green-to-red PCFP might induce on/off photochromism.
As the effect on on/off photochromism of the F173S mutation has been reported
as indirect, we reasoned that mutating the residue Met159 might induce a more
direct effect and could result in interesting properties in terms of on- or off-
switching. Thus, as a second targeted mutation, Met159 was substituted with
a small aliphatic amino acid (Ala), with which we hoped to introduce on/off
photochromic properties to any green-to-red PCFP. The residue has to be small,
to allow increased flexibility of the whole chromophore environment which
allows cis-trans isomerization to take place. An aliphatic residue was chosen
in order to avoid unpredictable side-effects coming from H-bond interactions
involving this new residue. Of course, the combination of both mutations might
be interesting. In such double mutant, Phe173 could for instance be mutated
not to the polar Ser, but rather to an aliphatic residue like Leu. We hypothesized
that this mutation will reduce polar interactions that stabilize the off state.
As a third target, we looked at the residue at position 157. In PCFPs, this residue
is Ile or Val. In Dronpa and its mutants, it regulates the proteins’ switching
speed (Table A.1), and in IrisFP it was shown to change orientation between
the cis- and trans-conformation. Mutating the residue at this position to Ala,
that is aliphatic like Leu or Val, but is much smaller, is a possible third route
to inducing reversible photoswitching in PCFPs by introducing structural
flexibility.
To test whether the three targeted mutations introduce the expected behavior,
we chose to apply these three mutation strategies, one at a time, on Dendra2.
Dendra2 is a green-to-red PCFP that exhibits the favorable properties of being
monomeric, having a high brightness and an efficient photoconversion.40, 57, 106
We thus hoped to create a four-way highlighter probe that is better performing
in advanced microscopy applications.
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We also constructed mEosFP M159A and mEosFP F173S from mEosFP A69V, a
monomeric variant of EosFP (kindly provided by U. Nienhaus). For clarity, we
refer to mEosFP A69V as mEosFP throughout this article.
SPECTROSCOPIC CHARACTERIZATION OF PHOTOACTIVATION BEHAVIOR
We characterized in detail the spectroscopic behavior of the ancestors and
engineered mutants (Table 2.1; Figure A.4 on page 150). All mutants were
fluorescent, and all but Dendra2 I157A displayed the expected multiphotoacti-
vatable behavior. Dendra2 I157A is efficiently green-to-red photoconvertible,
but is essentially non-photochromic (data not shown); its behavior was not
remarkably different from Dendra2. This indicates that this single mutation is
not sufficient to induce photochromism on its own, although it can alter the
photochromic behavior in certain fluorescent proteins.
Dendra2 M159A/F173L displayed behavior that was almost identical to that of
Dendra2 M159A (vide infra), meaning that both green-to-red photoconversion
and on/off photoswitching were present and that quantum yields for on- and
off-switching were almost identical for these two proteins (data not shown).
Thus, extra conformational freedom of the chromophore as compared to
Dendra2 M159A does not seem to result in substantially altered photochromic
behavior. The photophysical properties of Dendra2 I157A and Dendra2
M159A/F173L are almost identical to those of Dendra2 and Dendra2 M159A,
respectively, and hence, we do not discuss them further.
We observed reversible photoswitching in mEosFP and Dendra2 (Figure A.4)
even though such reversible photoswitching in these supposedly non-RSFPs
has not been previously reported at the ensemble level. A recent publication,
however, reports the case of a reversible long-living dark state in single
molecules of mEos2, variant of mEosFP, spin-coated in a matrix of polyvinyl-
alcohol.107 We measured quantum yields of off-switching of ∼ 10−7, which is
very low and probably the reason that this phenomenon was not identified in
these proteins before. The on-switching quantum yield, induced by 405-nm
light, ranges from 0.79 for the green form of mEosFP to 0.01 for the red form
of Dendra2 M159A, though the reasons for this remarkable difference remain
unclear.
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All but one of the mutants (mEosFP M159A) retained their green-to-red
photoconversion properties. Although Dendra2 and its mutants were easily
converted to the red form with 405-nm light, this process was much more
difficult with (m)IrisFP, mEosFP and mEosFP F173S. This reflects the less
efficient conversion in mEosFP and its mutants compared to Dendra2.
Additionally we found that the photoconversion process in mEosFP-based
mutants resulted in a clearly visible precipitate in the protein solution (data not
shown). This behavior might be due to a reduced solubility of the red species
and is likely to complicate the use of mEosFP mutants in advanced imaging
applications.
Among the factors contributing to the observed photoconversion, the pKa
of the chromophore and its environment is influenced by the mutations we
describe. Because the photoconversion process originates from the neutral state
of the chromophore, decreasing its stability results in a reduced green-to-red
photoconversion efficiency. This same finding has already been applied to
explain the difference in conversion efficiency between EosFP and Dendra2,
where an electrostatic interaction in EosFP is disrupted in Dendra2.57 This
is readily seen from the measured pKa values of the chromophore of each
protein (Table 2.1; Figure A.3). The most acidic pKa was found for mEosFP
M159A (∼4.3), partially explaining why this mutant is not photoconvertible
at pH 7.4. Dendra2 and its mutants show markedly higher pKa values (≥6.5),
and are indeed more efficiently photoconvertible at physiological pH. This is
explained by high pKa values for Dendra2 (>7.0), as determined in this study
and others.57, 108
By itself, the electrostatic role of the residues at positions 159 and 173 is not
sufficient to fully explain the observed photoconversion behavior, because
decreasing the pH does not necessarily result in increased photoconversion
efficiency. Other factors thus have an influence on the photochromism or green-
to-red photoconversion. Unambiguously determining these factors, however,
is an intricate task that is beyond the scope of this study.
OLIGOMERIZATION BEHAVIOR As was anticipated, Dendra2 and its mutants
proved to be more stable as a monomer than mEosFP F173S, as shown in
Figure 2.2. In particular, we notice that IrisFP and mEosFP F173S, as well
34 RATIONAL DESIGN OF NIJIFP
Ta
bl
e
2.
1
–
Ph
ot
op
hy
si
ca
lp
ro
pe
rt
ie
s
of
al
lp
ro
te
in
s
an
d
m
ut
an
ts
pr
es
en
te
d
in
th
is
st
ud
y
m
Eo
sF
P4
3
m
Eo
sF
P
m
Eo
sF
P
D
en
dr
a2
40
,5
7,
10
8
D
en
dr
a2
··
·
M
15
9A
F1
73
S
M
15
9A
Greenspecies
λ
ex
(n
m
)
50
4
48
7
48
6
49
0
47
1
··
·
λ
em
(n
m
)
51
6
51
2
51
4
50
5
50
4
St
ok
es
sh
if
t(
nm
)
12
25
28
15
33
pK
a
5.
3
[5
.5
]
4.
3
5.
8
7.
2
[7
.1
]
6.
5
ε
(M
−1
cm
−1
)
97
,2
00
[6
7,
20
0]
98
,6
00
53
,2
00
45
,1
00
[4
5,
00
0]
51
,1
00
Φ
flu
o
0.
67
0.
52
0.
43
0.
55
[0
.5
0]
0.
55
Br
ig
ht
ne
ss
1.
94
1.
53
0.
68
0.
74
0.
84
Φ
of
f
1.
8
×
10
−7
2.
6
×
10
−3
2.
2
×
10
−3
5.
7
×
10
−6
1.
1
×
10
−3
Φ
on
0.
79
0.
15
0.
20
0.
10
0.
08
Redspecies
λ
ex
(n
m
)
56
9
N
A
55
0
55
3
52
8
··
·
λ
em
(n
m
)
58
1
N
A
58
1
57
3
56
2
St
ok
es
sh
if
t
12
N
A
31
20
34
pK
a
6.
5
[5
.5
]
N
A
6.
2
7.
8
[7
.5
]
6.
8
ε
(M
−1
cm
−1
)
41
,3
00
[3
7,
00
0]
N
A
25
,0
00
36
,2
00
[3
5,
00
0]
45
,0
00
Φ
flu
o
0.
66
N
A
0.
41
0.
55
[0
.5
5]
0.
75
Br
ig
ht
ne
ss
0.
81
N
A
0.
31
0.
55
1.
00
Φ
of
f
3.
5
×
10
−5
N
A
0.
4
×
10
−3
5.
0
×
10
−7
3.
2
×
10
−3
Φ
on
0.
05
N
A
0.
06
0.
50
0.
01
RESULTS 35
··
·
D
en
dr
a2
D
ro
np
a2
4
Ir
is
FP
56
m
Ir
is
FP
91
F1
73
S
Greenspecies
λ
ex
(n
m
)
··
·
46
9
50
3
48
8
48
6
λ
em
(n
m
)
50
7
51
7
51
6
51
6
St
ok
es
sh
if
t(
nm
)
38
14
28
30
pK
a
7.
0
5.
3
[5
.0
]
5.
7
[6
.4
]
5.
7
[5
.4
]
ε
(M
−1
cm
−1
)
41
,1
00
94
,1
00
[9
5,
00
0]
57
,8
00
[5
2,
00
0]
74
,0
00
[4
7,
00
0]
Φ
flu
o
0.
64
0.
67
[0
.8
5]
0.
48
[0
.4
3]
0.
60
[0
.5
4]
Br
ig
ht
ne
ss
0.
78
1.
88
0.
83
1.
32
Φ
of
f
1.
8
×
10
−3
3.
0
×
10
−4
3.
2
×
10
−3
2.
2
×
10
−3
Φ
on
0.
10
0.
70
0.
15
0.
13
Redspecies
λ
ex
(n
m
)
··
·
52
6
N
A
55
1
54
6
λ
em
(n
m
)
56
9
N
A
58
0
57
8
St
ok
es
sh
if
t
43
N
A
29
32
pK
a
7.
3
N
A
6.
8
[7
.2
]
7.
0
[7
.6
]
ε
(M
−1
cm
−1
)
42
,0
00
N
A
27
,0
00
[3
5,
00
0]
26
,0
00
[3
3,
00
0]
Φ
flu
o
0.
65
N
A
0.
50
[0
.4
7]
0.
44
[0
.5
9]
Br
ig
ht
ne
ss
0.
81
N
A
0.
40
0.
34
Φ
of
f
1.
0
×
10
−3
N
A
2.
0
×
10
−3
[2
.0
×
10
−3
]
0.
4
×
10
−3
[0
.3
e-
3]
Φ
on
0.
10
N
A
0.
05
[0
.0
47
]
0.
11
[0
.2
8]
Br
ig
ht
ne
ss
is
ex
pr
es
se
d
re
la
ti
ve
to
EG
FP
.V
al
ue
s
pr
ev
io
us
ly
re
po
rt
ed
in
di
ff
er
en
tl
it
er
at
ur
e
so
ur
ce
s
ar
e
sh
ow
n
be
tw
ee
n
br
ac
ke
ts
.
N
A
,n
ot
ap
pl
ic
ab
le
36 RATIONAL DESIGN OF NIJIFP
Figure 2.2 – Apparent oligomerization state of IrisFP, mEosFP F173S, Dendra2, and
NijiFP (Dendra2 F173S). Curves are derived from the association coefficients for
dimerization and tetramerization determined by analytical ultracentrifugation. The
biological range of protein expression is indicated by yellow shading, the protein
concentration in crystals is indicated by green shading. See also Figure A.4 and
Figure A.5.
as Dronpa, which is known to be monomeric,109 are forming oligomers in
the range of 100 µM to 500 µM, which is the typical expression level of actin
in motile cells, for example,66 whereas Dendra2 and Dendra2 F173S remain
largely monomeric in this range. This stability of the monomeric form is of
crucial importance for a genetic fluorescent reporter regarding the local protein
density in cells that can be very high (for example in actin fibers) and regarding
cells overexpressing fusion proteins.
Describing the data for IrisFP and mEosFP F173S requires a model involving
monomers, dimers, and tetramers, whereas Dendra2 and Dendra2 F173S
requires a model consisting of monomers and dimers only (data points
could not be fitted with the tetramer model). This is consistent with the
oligomerization behavior under very high protein concentration; in crystals
(protein concentration >30 mM), mEosFP forms a tetramer in the asymmetric
unit whereas Dendra2 only forms dimers and shows no tetramerization
(Figure A.4).
The crystal structure of mEosFP (EosFP V123T/T158H) was determined at
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2.25 Å resolution (Table A.2). This structure clearly shows that interactions at
the A/B and A/C interfaces are disrupted as compared to EosFP (Figure A.5),
leading to a reduced tendency to oligomerize. However, two pairs of His
residues, one at each interface, still allow pi-stacking, resulting in a tetrameric
organization at higher protein concentrations (Figure 2.2). Among all proteins
measured, Dendra2 F173S showed the least tendency to oligomerize at any
given concentration.
MODELING OF MEOSFP AND MEOSFP M159A We performed molecular
dynamics (MD) simulations based on the X-ray structure of mEosFP that
we solved (protein databank (PDB) ID: 3P8U) in order to better understand
the origin of the low pKa of mEosFP. We probed likely structural changes
induced by both protonation of the chromophore and mutation M159A in this
protein. The results are illustrated in Figure 2.3, and energies of the molecular
interactions involved are summarized in Table A.3.
The modeling of the anionic form of mEosFP suggests that Ser142 and a water
molecule (W1) stabilize the hydroxybenzylidene moiety of the chromophore
by hydrogen bonds (Figure 2.3A). These interactions are estimated as
−30.6 kJ mol−1 and −45.2 kJ mol−1, respectively, whereas Met159 weakly
interacts with the chromophore (Table A.3). Because we could not obtain
crystals at low pH, two distinct models of the neutral form of mEosFP were
made, by considering the initial orientation of the hydroxyl group either toward
Ser142 or W1. Each simulation quickly converged in the first configuration
(Figure 2.3B). In this state, Met159 is an acceptor of a hydrogen bond shared
with Ser142. Met159 also stabilizes the chromophore by both electrostatic and
van der Waals interactions with a total energy of−14.4 kJ mol−1. The hydrogen
bond between the chromophore and W1 is not maintained in the neutral
form. In fact, the water molecule diffuses to the bulk solvent during one of
the two simulations, which suggests a likely mechanism for the protonation
equilibrium of the chromophore. Overall, the model of the anionic form is
much closer to the crystal structure than that of the neutral form, which is
consistent with the pH of crystallization (pH 8.5).
In the modeling of mEosFP M159A, we chose to include a water molecule (W2)
in hydrogen bond interaction with the hydroxyl group of the chromophore,
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Figure 2.3 – Langevin MD simulations of mEosFP and mEosFP M159A (A) Anionic
and (B) neutral forms of mEosFP, (C) anionic and (D) neutral forms of mEosFP M159A.
Only residues and water molecules of particular interest are represented within the β-
barrel structure. Hydrogen bonds between the hydroxyl group of the chromophore and
available partners are shown in red dotted lines, whereas hydrogen, carbon, nitrogen,
oxygen, and sulfur atoms are drawn in white, cyan, blue, red, and yellow spheres,
respectively. See also Table A.2 and Table A.3.
similar to the water molecule observed in the crystal structure of IrisFP (W2188
in Figure 2.1). Our simulation of the anionic form suggests that W2 contributes
along with W1 in stabilizing the phenolate moiety of the chromophore
(Figure 2.3C). These water-chromophore interactions are strong, estimated
to be −92.7 kJ mol−1 and as a result, Ser142 orientates toward the solvent to
find another hydrogen bond partner. Similar to mEosFP, two initial orientations
were considered for the hydroxyl group of the neutral chromophore in mEosFP
M159A. Contrary to the anionic form, both simulations result in a configuration
in which the two water molecules W1 and W2 leave into the solvent and Ser142
remains the only hydrogen-bond partner of the phenol ring (Figure 2.3D).
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Overall, the results of molecular modeling provide an explanation for the
decrease of pKa induced by the M159A mutation (Table 2.1; Figure A.3).
In mEosFP, the main role of Met159 is to stabilize the neutral state of the
chromophore and the M159A mutation cancels this stabilization (Table A.3).
On the other hand, the anionic form may take advantage of the mutation
by reorganizing and optimizing the hydrogen bond network surrounding the
hydroxylate group of the chromophore. As a consequence, the M159A mutation
disfavors photoconversion by lowering the fraction of neutral forms in the
sample. An opposite effect has been observed in the structural comparison
between EosFP and Dendra2, where an electrostatic interaction in EosFP is
disrupted in Dendra2 (Figure A.1B). This disruption decreases the stability of
the anionic chromophore, resulting in a larger fraction of the neutral form and
thus promoting photoconversion.57
INFLUENCE OF THE CHROMOPHORE ENVIRONMENT The decrease of pKa
induced by the M159A mutation is consistent with the improved off-switching
rate that is activated from the anionic forms. Simulations also show that Met159
stabilizes the presence of Ser142 inside the β-barrel (Figure 2.3). A previous
study already mentioned that this interaction destabilizes the putative trans
conformation of EosFP by preventing Ser142 finding hydrogen bond partners.56
In contrast, the crystal structures of RSFPs in their dark state show Ser142
orientated either inside the β-barrel or within the solvent. Therefore, we believe
that releasing the constraint from Met159 may help Ser142 to find a stabilizing
environment in the trans configuration of mEosFP M159A. The observation
that the photoswitching tendency of fluorescent proteins (FPs) is strongly
determined not only by interactions of amino acids with the chromophore, but
also by the opportunity for residues neighboring the chromophore to interact,
has already been highlighted in other studies.27
The loss of the β strand structure observed in the neutral form of mEosFP
M159A at the level of Ser142 provides evidence of substantial flexibility in the
protein structure (Figure 2.3D). This state displays similar features to those
observed at room temperature for the dark form of Dronpa, though in that case
the chromophore lost its interaction with Ser142.9, 27
We determined the fluorescence lifetimes for mEosFP, Dendra2 and their
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mutants (Table 2.2). Although the fluorescence decays of mEosFP and Dendra2
could be fitted using a single-exponential model in both the green and the red
state, this was not the case for the mutants, whose decays required fitting with
a two-component model. This suggests the existence of multiple conformations
in the mutants and hence an increase flexibility of the chromophore. By
introducing mutations in the microenvironment of the chromophore, we
destabilized its very rigid structure. This results in a less tightly packed
and more flexible chromophore that is more prone to collisional quenching
and/or other nonradiative decay mechanisms, leading to a decrease in lifetimes
(Table 2).110–112 Interestingly, the mutations seem to have less effect on the red
state than on the green state, which could be explained by a better stabilized
chromophore in the red state as evidenced by the longer lifetimes.
Evidence for the increased flexibility of the chromophore of mEosFP mutants as
compared to their parent protein also comes from the decrease in fluorescence
quantum yield of these mutants (Table 1). This also has been reported for other
FPs.113 Correspondingly, in MD simulations, we see that the M159A mutation
provides more free space in the environment of the chromophore (Figure 2.3).
This observation is also made for IrisFP and its parent EosFP56 as well as for
bsDronpa and its parent Dronpa.100 Indeed it has become largely accepted
that a higher flexibility of the chromophore might lead to a more efficient
photoswitching, but this comes at the cost of a decreased fluorescence quantum
yield.104, 110
We also observed a blue shift in the absorption spectra of the mutants
(Figure A.2). Our modeling experiments suggest a better stabilization of the
electron density on the phenolate group of the chromophore of the mutants in
the ground state, by hydrogen bonding interactions with the water molecules
W1 and W2 (Table S3). This electrostatic stabilization may be nullified during
excitation by charge transfer from the phenolate to the imidazole moiety of the
chromophore.114 Consequently, both wild-types and mutants should reach a
similar level of energy in the excited state, resulting in different energy gaps
with the ground state. Unlike the absorption spectra, the emission maxima
remain largely unchanged. The environment of the chromophore in the mutants
may enable a more pronounced relaxation of the excited state to show similar
emission wavelength as the parent proteins. This results in a larger Stokes
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Figure 2.4 – Spectroscopic properties of NijiFP. (A) Photographs of the nonphotocon-
verted and photoconverted form of NijiFP in its pH-induced anionic and neutral state
under ambient and UV light. (B and C) Absorption (thin lines) and emission (thick
lines) spectra of the green form of NijiFP (B) in both the on-state (green) and the off
state (black) and of the red form (C) in the on-state (red) and the off state (black). (D-F)
Photoconversion and photochromic behavior of NijiFP. (D) During irradiation with
405-nm light, absorption spectra were acquired and the absorbance at 528 nm, indicative
for the red species, was plotted in time. (E) The green species of NijiFP was switched off
by 488-nm light and back on by 405-nm light for 20 times and the absorbance at 469 nm
was plotted in time. (F) The red species of NijiFP was switched off by 561-nm light and
back on with 440-nm light for 20 times and the absorbance at 528 nm was again plotted
in time. See also Figure A.2 and Figure A.3.
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Table 2.2 – Fluorescence lifetimes of mEosFP, Dendra2, and their variants
Amplitudes Lifetimes (ns)
Proteins A1 A2 τ1 τ2
Green mEosFP 1 – 3.5 –
mEosFP F173S 0.6 0.4 3.3 2.3
mEosFP M159A 0.7 0.3 3.2 2.0
Red mEosFP 1 – 4.1 –
mEosFP F173S 0.8 0.2 3.7 1.3
mEosFP M159A NA NA NA NA
Green Dendra2 1 – 3.3 –
Dendra2 F173S 0.5 0.5 3.4 2.5
Dendra2 M159A 0.7 0.3 2.8 1.6
Red Dendra2 1 – 4.4 –
Dendra2 F173S (= NijiFP) 0.9 0.1 4.2 1.6
Dendra2 M159A 1 – 4.0 –
All experimental values exhibit a χ2 value ≤ 1.1. Excitation wavelengths were 488 nm
and 550 nm for green and red samples, respectively. The proteins were diluted in PBS
buffer pH 7.4 to ensure a maximal optical density of < 0.1. NA, not applicable.
shift in the mutants (up to ∼40 nm), which is advantageous for microscopic
applications in order to easily separate excitation and emission bands.
ADVANCED MICROSCOPIC IMAGING USING NIJIFP (DENDRA2 F173S)
Based on the results and spectroscopic parameters described above, we
reasoned that Dendra2 F173S is the most promising of the fluorescent proteins
described here for advanced microscopic applications. It is not as bright as
some of the other mutants, but is effectively photochromic and displays very
efficient photoconversion. We named this protein NijiFP, after the Japanese
word for rainbow and as a reference to IrisFP, named after the Greek goddess
personifying the rainbow. The pH-dependent change in the protein color is
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depicted by photographs of solution either in the anionic or neutral form of
the chromophore (Figure 2.4A). Spectra of the green (Figure 2.4B) and red
(Figure 2.4C) states in both the on- and the off-state are shown. In NijiFP,
irreversible photoconversion from the green to the red state is readily observed
by irradiating the protein solution with 405-nm light (Figure 2.4D). It also
shows excellent on/off switching properties with a minimal photofatigue in
both green state (Figure 2.4E) and red state (Figure 2.4F). Decays in intensity
after many on/off switchings are well fitted by a stretched exponential function.
With the conditions we used (Figure 2.4), green and red signals decay by 50%
in ∼150 and ∼90 switchings, respectively.
To explore the applications of NijiFP in fluorescence microscopy, we cloned
the protein as a fusion construct to actin and expressed these constructs in
living HeLa cells. The green emission from labeled actin filaments was readily
observed with a confocal microscope and could be efficiently and reversibly
switched off and back on. Irradiation with violet light allowed the green
fluorescent species to be efficiently converted to the red emitting species within
a well-defined region of interest. Both forms could then be reversibly switched
on and off with excellent contrast (Figure 2.5A). Comparison with Dendra2-
fused actin in cells, revealed that NijiFP displays a similar photoconversion
efficiency, but the red form of NijiFP was more photostable than that of
Dendra2 (Figure A.6). Similar time-lapse experiments revealed the superior
photoconversion properties of NijiFP compared to mEosFP F173S and also
clearly demonstrates that the green form of NijiFP and mEosFP F173S can
be efficiently switched off with 488-nm light, as compared to mEosFP and
Dendra2 (Figure A.7).
As a further demonstration of the potential of NijiFP for advanced fluorescence
microscopy applications, we subjected the cells expressing NijiFP-fused actin
to PALM imaging (Figure 2.5B) in both the green and the red state. The
obtained PALM images can be seen in the middle of the green and red colored
panels, respectively. We determined the localization precision, by calculating
the standard deviation of multiple localizations of the same molecule, to be
∼25 nm for the green species and ∼35 nm for the photoconverted red species.
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Figure 2.5 – Dynamics and subdiffraction structure of actin visualized by NijiFP. (A) A
living HeLa cell expressing NijiFP-actin was imaged using confocal microscopy with a
pixel size of 210 × 210 nm and a pixel dwelling time of 2 µs/pixel. In a specific region
of interest (purple rectangle), NijiFP was converted to the red state (300 scans with a
405-nm laser at 526 W cm−2) and the actin’s motion in the cell are easily observable
(white arrows). The green and red species could be efficiently switched off (16 scans
with a 488-nm laser at 200 W cm−2 and 50 scans with a 561-nm laser at 500 W cm−2,
respectively) and back on (single scan with a 405-nm laser at 47 W cm−2 and 40 scans
with a 440-nm laser at 260 W cm−2, respectively). On/off photoswitching and green-
to-red photoconversion were induced using a pixel dwelling time of 4 µs/pixel. (B)
Wide-field and PALM images of fixed HeLa cells expressing NijiFP-actin in both the
green and photoconverted red forms. Scale bars represent 10 µm. See also Figure A.6
and Figure A.7.
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2.4 SIGNIFICANCE
We have shown that in mEosFP and Dendra2, a single point mutation is
sufficient to generate excellent on/off photochromic behavior on top of the
existing green-to-red photoconversion. This indicates that these proteins are
very prone to switch once their chromophore and/or its microenvironment
gains in conformational freedom. Spectroscopic characterization of mEosFP
and Dendra2 mutants, the crystal structure of mEosFP and MD simulations
provided us with a more precise view on the importance of certain residues
in the chromophore environment on photoswitching behavior. As a result of
our findings, it is now possible to formulate a lucid summary of the role of key
residues in the chromophore environment (Figure 2.1; Table A.1) with respect
to their spectroscopic and photochromic importance. Whereas rather bulky
residues at positions 159 and 173 inhibit photochromism, smaller residues
induce on/off photochromism, accompanied by an increase in Stokes shift due
to a blue shifted absorption peak. Mutating the residue at position 157 is not
sufficient by itself to induce photochromic behavior, but can alter the rates of on-
and off-switching. Although the nature of amino acids at positions 157 and 173
seems to have no obvious influence on green-to-red photoconversion, position
159 is of major importance in the photoconversion process. Mutating a polar
residue at this position toward a neutral one, results in a decreased efficiency of
photoconversion. We introduced NijiFP, a monomeric fluorescent protein that
can be very efficiently photoconverted from a green- to a red-emitting species
and shows reversible photoswitching behavior in both species. We have shown
that NijiFP has superior spectroscopic properties allowing its use as a label in
cells for advanced microscopic imaging.
2.5 EXPERIMENTAL PROCEDURES
CONSTRUCTION OF MUTANTS AND FUSION PROTEINS Dendra2, mEosFP,
Dronpa and IrisFP were subcloned into a pRSET vector (Invitrogen). Mutations
were introduced using a PCR-based technique.115 Escherichia coli JM109(DE3)
cells (Promega, Madison, WI) were transformed for protein expression.
Preparation of recombinant proteins and measurements by analytical ultra-
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centrifugation are described elsewhere.109 For more details, see Supplemental
Information.
For mammalian expression of proteins fused to actin, either mEosFP, mEosFP
F173S, Dendra2, or Dendra2 F173S was substituted for Dronpa in Dronpa-β-
actin/pMC1.109 HeLa cells on glass bottom dishes (MatTek Corp., Ashland,
MA) were transfected using FuGENE6 (Roche Applied Science, Penzberg,
Germany) according to the manufacturer’s protocol. Cells were fixed with
4% formaldehyde in PBS (Thermo Scientific, Waltham, MA) and subjected to
confocal and/or PALM imaging.
ENSEMBLE SPECTROSCOPIC CHARACTERIZATION Absorption spectra were
acquired using a Shimadzu UV-1650PC spectrophotometer (Shimadzu Kyoto,
Japan). Excitation and emission spectra were acquired using a Fluorolog 3-22
fluorimeter (HORIBA Jobin-Yvon, Longjumeau, France). Absolute quantum
yields were measured using an integrating sphere (HORIBA Jobin-Yvon). Mea-
suring extinction coefficients was performed based on Ward’s method.63, 116
Fluorescence lifetimes were measured using a single photon counting setup
that has been described in detail previously.117 Excitation wavelengths were
488 nm and 550 nm for green and red forms, respectively. The width of the
instrument response function was ∼30 ps. Fluorescence decays were globally-
fitted using the software FAST (Edinburgh Instruments, Livingston, UK) with
a single exponential model or a double exponential model.
Reversible photoswitching and irreversible photoconversion were character-
ized at the ensemble level using a dedicated home-made setup. Absorption
spectra were measured as a function of time using a UV-VIS-NIR light
source (DT-MINI-2-GS, Ocean Optics, Duiven, The Netherlands) and a CCD
spectrometer (USB4000-UV-VIS, Ocean Optics). The sample was irradiated
by different lasers controlled by internal and external shutters. Shutters and
acquisition were controlled by home-written software based on Igor Pro (Wave
Metrics, Lake Oswego, OR). Data analysis was performed in Igor Pro and
Origin (OriginLab, Northampton, MA).
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STRUCTURAL STUDIES AND NUMERICAL SIMULATIONS mEosFP was over-
expressed and purified as EosFP.43 Long needle-shaped crystals (0.04 ×
0.04×0.8 mm3) were grown at 2.2 M ammonium sulfate, 0.1 M Tris/HCl (pH
8.5). Crystals formed after a few days via phase transition from a protein
precipitate (Ostwald ripening). X-ray data were collected at 100 K at the
European Synchrotron Radiation Facility (ESRF) on beamline ID14-3 (X-ray
wavelength l = 0.931 Å). Data sets were integrated and scaled with XDS.118
Data collection and model refinement statistics are compiled in Table A.2.
The crystal structure (PDB ID: 3P8U) was solved at 2.25 Å resolution by
molecular replacement with Phaser,119 using the coordinates of one monomer
of the wild-type EosFP (PDB ID: 1ZUX) as a search model. During the
refinement, the two residues Val123 and Thr158 were changed to Thr and
His, respectively, and these mutations appeared very clearly in difference maps
residuals. Crystallographic refinement was performed with Refmac120 and
Coot.121 Chromophore restraints were generated in Libcheck from idealized
coordinates found in the Hic-Up database.
Starting from the crystal structure of mEosFP, we modeled the anionic and
neutral forms of the protein and its M159A variant. The pKa of titrable residues
were calculated with the H++ webserver.122 We deduced the protonation
states for pH values of one unit above and below the experimental pKa of
the chromophore for the anionic and neutral forms, respectively. The hydrogen
bond network of the protonated models was optimized with structural water
molecules, using PDB 2PQR.123
All successive simulations were performed with the fDynamo library.124 After
energy-minimization of the protein in solution, Langevin MD simulations at
300 K were performed within an unfixed region of ∼12 Å around the hydroxyl
group of the chromophore. After equilibration, each simulation covered 500 ps
and structures were saved every 0.1 ps for statistical analysis. Further details
on the pKa calculations, selected parameters and atomistic simulations are
provided in Supplemental Information.
MICROSCOPY Confocal fluorescence images were acquired with a laser-
scanning microscope (Fluoview FV1000; Olympus, Tokyo, Japan) equipped
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with 405-, 440-, and 561-nm diode lasers and a 488-nm DPSS laser (Spectra
Physics, Irvine, CA). The objective and the excitation dichroic mirror used were
UPlan SApo60×/1.35 and DM405/488/559/635, respectively (Olympus). The
image size was adjusted to 512× 512 pixels, with the pixel size corresponding
to approx 200 nm. The pixel dwelling time was 4 ms/pixel, and a 4 ×
Kalman filter was applied to reduce noise in the image. Specimens were
alternately scanned with 488-nm (52 W cm−2) and 561-nm (250 W cm−2) lasers
to sequentially acquire green and red channel images. Fluorescence signals
were split into green (500 nm to 550 nm) and red (580 nm to 680 nm) channels
with a SDM560 dichroic mirror (Olympus).
Proteins were photoconverted from green to red by scanning 300 times with the
405-nm laser (526 W cm−2). For the off-switching of the green state molecules,
16 scans with the 488-nm laser (200 W cm−2) were applied, whereas the on-
switching to the original green state was achieved by a single scan with the 405-
nm laser (47 W cm−2). The off-switching of the molecules in the red state was
accomplished by 50 scans with the 561-nm laser (500 W cm−2), whereas their
recovery was induced by scanning 40 times with the 440-nm laser (260 W cm−2).
For details about acquisition, localization and reconstruction resulting in PALM
images, see Supplemental Information.
ACCESSION NUMBERS Coordinates of mEosFP have been deposited in the
Protein Data Bank with accession code 3P8U.
SUPPLEMENTAL INFORMATION Supplemental Information includes seven
figures, three tables, and Supplemental Experimental Procedures and can be
found with this article online at doi:10.1016/j.chembiol.2011.08.007.
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CHAPTER3
GREEN-TO-RED
PHOTOCONVERTIBLE DRONPA
MUTANT FOR MULTIMODAL
SUPER-RESOLUTION
FLUORESCENCE MICROSCOPY
This chapter was published as:
Moeyaert Benjamien, Ngan Nguyen Bich, Elke De Zitter, Susana
Rocha, Koen Clays, Hideaki Mizuno, Luc van Meervelt, Johan
Hofkens, and Peter Dedecker (2014). Green-to-Red Photoconvert-
ible Dronpa Mutant for Multimodal Super-Resolution Fluores-
cence Microscopy. ACS Nano 8 (2), 1664-1673.
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We managed to make a Dronpa mutant that is not only
photoswitchable, but can as well be converted to a red-emissive
state. We showed that this three-way highlighter probe allows
for multimodal superresolution microscopy, by combining
pcSOFI with photoactivated localization microscopy (PALM)
imaging using pcDronpa2. This manuscript represents entirely
my work, except for the crystal structure determinations and
figures thereof, which were performed by Ngan Nguyen
Bich and Elke de Zitter. Susana Rocha gave initial help
with the alignment of the microscope and Peter Dedecker
actively participated in the preparation of the manuscript.
The supplementary information for this paper is given in
Appendix B on page 157.
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3.1 ABSTRACT
pcSOFI PALM
Wideeld
pcDronpa2
Advanced imaging techniques cru-
cially depend on the labels used. In
this work, we present the structure-
guided design of a fluorescent pro-
tein that displays both reversibly
photochromic and green-to-red pho-
toconversion behavior. We first de-
signed ffDronpa, a mutant of the
photochromic fluorescent protein
Dronpa that matures up to three
times faster while retaining its interesting photochromic features. Using a
combined evolutionary and structure-driven rational design strategy, we
developed a green-to-red photoconvertible ffDronpa mutant, called pcDronpa,
and explored different optimization strategies that resulted in its improved
version, pcDronpa2. This fluorescent probe combines a high brightness with
low photobleaching and photoblinking. We herein show that, despite its
tetrameric nature, pcDronpa2 allows for multimodal subdiffraction imaging by
sequentially imaging a given sample using both super-resolution fluctuation
imaging and localization microscopy.
KEYWORDS: fluorescent proteins • Dronpa • protein engineering • crystal
structure determination • super-resolution fluorescence microscopy • PALM •
pcSOFI
3.2 INTRODUCTION
Fluorescent proteins (FPs) and their applications in fluorescence microscopy
have revolutionized cell biology.125, 126 The diversity of fluorescent proteins
(FPs) has expanded dramatically with new labels that display dynamic
fluorescence properties, such as photoactivation, photochromism, and pho-
toconversion.89, 127 The great interest in these subclasses of FPs is mainly
driven by the numerous applications in advanced fluorescence microscopy,
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including several approaches that allow fluorescence imaging beyond the
diffraction limit.85, 128, 129 A broad range of super-resolution methodologies
has been developed, based on the clever use of the fluorescence dynamics
of “smart fluorophore”, each providing different combinations of strengths
and weaknesses.130 This allows for a high degree of complementarity; for
example, photoactivated localization microscopy (PALM)81 offers a very high
spatial resolution but poor temporal resolution and places high demands on the
imaging quality, such as large photon doses with high signal-to-noise.131, 132 In
contrast, photochromic stochastic fluctuation imaging (pcSOFI) offers a lower
resolution improvement but better temporal resolution and is more tolerant
of the imaging conditions (i.e., high background, low signal, aberrations,
etc.).78, 133
Compared to traditional imaging, subdiffraction imaging contributes new
layers of information, though it does so at the price of increased complexity,
leading to new challenges in validation of the data. These challenges are
apparent when considering the reliance on large data sets, extensive hands-off
data processing, and/or strongly increased instrumental complexity. However,
since different techniques will in general not be susceptible to the same artifacts,
their combination can allow inconsistencies or artifacts to be revealed, or even
addressed, with a much higher probability. The broader range of imaging
conditions that is enabled by using multiple techniques can likewise contribute
to experimental validation, by allowing more encompassing observations of
the sample.
However, such complementary imaging is difficult, simply because different
techniques place different demands on the fluorophore. For instance, local-
ization microscopy achieves its highest spatial resolution with green-to-red
photoconvertible fluorescent proteins due to the high photon dose from the
red state, while pcSOFI uses labels that display reversible photochromism.
The use of multiple fluorophores is not desirable, however, as introducing
and validating even a single fluorophore in a biological system can require
a large effort in terms of selection, generation, and validation, such as when
creating transgenic organisms. As a result, the complementarity afforded by
the different super-resolution imaging techniques remains constrained by the
lack of labels with multimodal fluorescence properties, and comparatively little
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work has been performed on combining multiple photochemical behaviors
into a single scaffold.
The history of directed evolution and semirational engineering of FPs is
extensive. Reversibly photoswitchable fluorescent proteins (RSFPs)101, 104, 134
and several green-to-red photoconvertible FPs (PCFPs)38, 42, 103, 108, 135, 136 have
been discovered, designed, and optimized, and recently, photoconvertible
and biphotochromic FPs have been engineered.56, 91, 137 Previously, we set
the stage for the rational engineering of photoswitching behavior in pho-
toconvertible FPs.137 We now further expand this rational framework by
semirationally introducing green-to-red photoconversion into a photochromic
FP, by constructing a photoconvertible fluorescent protein (PCFP) based on
the well-known and extensively studied RSFP Dronpa.24 Our results provide
new insight into the process of photoconversion by linking structural data to
spectroscopic and biochemical parameters. Moreover, the addition of this work
to the already existing data on Dronpa and its mutants provides one of the most
complete data sets for the study of structure and function of photoswitching
and photoconversion. We also show that pcDronpa2 breaks new ground in
super-resolution imaging by allowing independent and highly performing
pcSOFI and PALM experiments on the same sample.
3.3 RESULTS AND DISCUSSION
FFDRONPA One of the major challenges in FP engineering is the difficulty
to distinguish between mutations that represent evolutionary dead ends and
mutants that contain the desired character but whose fluorescence needs to be
rescued before this becomes apparent. We reasoned that this challenge could
be alleviated by starting from a folding-optimized variant whose robustness
allows observation of the fluorescence phenotype even in the presence of
mutations that are detrimental to the folding process. These proteins, maturing
faster and/or to a higher degree of completeness, are known as “superfolder”
FPs, and experimental strategies to generate these have been described
previously.69, 138
By observing the brightness of bacterial colonies expressing randomly
mutated Dronpa genes, we identified Dronpa-V60A (Dronpa numbering used
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Figure 3.1 – Maturation of Dronpa and ffDronpa. Time course of the relative fluorescence
emission intensity of Dronpa and ffDronpa after in vitro translation recorded at 503 nm
excitation and 517 nm emission. Inset: Fluorescence image of a bacterial culture plate
expressing Dronpa (left) and ffDronpa (right) in Escherichia coli after 16 h of incubation
at 37 ◦C.
throughout the article; see see Figure B.1), a monomeric Dronpa mutant with
increased in-colony brightness (Figure 3.1). In vitro maturation measurements
showed that Dronpa-V60A forms almost three times faster than Dronpa, with
a maturation half-time of less than 15 min (Figure 3.1). We thus called this
mutant “fast-forming” or ffDronpa. Further characterization of the purified
protein showed that Dronpa-V60A is spectroscopically identical to Dronpa,
except for a slower photochromic response (Table 3.1). Given its improved
properties, we expect that ffDronpa can be preferable to Dronpa in any labeling
scheme involving moderately fast RSFPs.
PCDRONPA Although the mechanistic details of green–red photoconversion
are still debated, the importance of the proton-binding and -donating capacities
of the His62 imidazole group in PCFPs is well-recognized.30, 32–34, 140 We thus
introduced the His62 mutation in ffDronpa, resulting in a mutant protein
that showed no detectable fluorescence. After a single round of random
mutagenesis, we could identify a vaguely fluorescent colony (ffDronpa-C62H-
N94S-N102I). A second round of random mutagenesis revealed a brightly
fluorescent and effectively green-to-red photoconvertible mutant which we
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called pcDronpa (ffDronpa-C62H-N94S-N102I-E218G). Interestingly, of the six
mutations that were introduced in the effort of creating monomeric Dronpa
from its tetrameric ancestor 22G,24 the residues at positions 102 and 218 are
reversed in pcDronpa. Indeed, pcDronpa is a tetrameric protein, as supported
by size-exclusion chromatography (Figure B.2).
To probe the effect of the N94S mutation, we created pcDronpa-S94N and
found it to be identical to pcDronpa. We also created ffDronpa-C62H-N94S,
which was nonfluorescent and not distinguishable from ffDronpa-C62H. This
leads us to conclude that the role of the N94S mutation is small, if any. We
also evaluated the importance of the V60A folding mutation by constructing
pcDronpa-A60V. This mutant matures markedly slower than pcDronpa and
reaches full maturation only after several days of incubation at 4 ◦C, showing
the usefulness of starting from a folding enhanced template.
The green state of pcDronpa absorbs maximally at 505 nm, emits maximally at
517 nm (Figure 3.2a and Table 1), and has an excited state lifetime of 3.2 ns. Off-
and on-switching can be achieved with 488 nm and 405 nm light, respectively
(Figure 3.2b). While the off-switching quantum yield of pcDronpa is more than
25 times lower than Dronpa, the on-switching quantum yields are similar. The
off-switching quantum yield, switching contrast (Table 1), and photofatigue
(Figure B.3) of pcDronpa are similar to 22G and likely a result of its tetrameric
nature, as it has been shown that the A/C interface gains substantial structural
disorder in the dark, nonfluorescent state, absent in tetramers.29, 109
Irradiation of pcDronpa with high intensities of 405 nm light resulted in the
formation of a red-emissive form. This red species absorbs maximally at
569 nm with emission peaking at 581 nm (Figure 3.2a and Table 1). The red
state excited-state lifetime was measured to be 3.9 ns. SDS-PAGE revealed
that photoconversion is accompanied by protein backbone cleavage, yielding
fragments of about 11 kDa and 18 kDa (Figure 3.2d), similar to what is found
for other PCFPs.37, 43 Under the experimental conditions described in the
Methods section, we could convert 50% of the protein sample to the red state,
at which point the rate of photodestruction of the red state due to the 405 nm
light became dominant over the photoconversion (Figure B.4). The graphs
in Figure B.4 are directly reminiscent of a two-step first-order consecutive
mechanism (A→ B→ C) in which A is the green state, B the red state, and C
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Figure 3.2 – Spectroscopic and SDS-PAGE analysis of the photoswitching and
photoconversion of pcDronpa(2). (a) Steady-state excitation (λ det,G = 555 nm, λdet,R
= 625 nm; solid line) and emission (λ ex,G = 480 nm, λ ex,R = 550 nm; dotted line) of
pcDronpa in the green and partially photoconverted red state. The green state excitation
spectrum was scaled to unity at 505 nm, and emission was scaled to match the excitation
maximum of the respective state. (b,c) Absorption and emission spectra (λ ex = 488 nm)
taken during the photoswitching (full arrows) of (b) pcDronpa and (c) pcDronpa2
from the green-on state (green line) to the green-off state (black line). In the reverse
process (dotted arrows, spectra not shown), the spectra recover to the initial state. (d)
SDS-PAGE of pcDronpa2 in both the green and red state. (e–g) Absorption spectra
taken during photoconversion of (e) pcDronpa, (f) pcDronpa2, and (g) mEos3.2 from
the green-emissive (green line) to the red-emissive (red line) state.
the bleached red state, with fixed rate constants for both transitions. Although
the green state shows clear photoswitching, we could not detect reversible
photoswitching of the red form after irradiation with 561 nm light (up to
0.5 W cm−2 in cuvette and 0.8 kW cm−2 on the microscope).
STRUCTURE OF PCDRONPA We determined the pcDronpa crystal structure
in the fluorescent green-on, nonfluorescent green-off, and red state (PDB ID:
4HQ8, 4HQ9, and 4HQC). The structures were determined to a resolution
of 1.95 Å, 2.07 Å and 2.05 Å, respectively (Table B.1). The overall structure
and quaternary organization of pcDronpa is similar to Dronpa,104 22G,27
DsRed,141 and other FPs. An extension of the C-terminal tail forms dimers
via an arm-in-arm configuration142 (Figure 3.3a): a clasp region that interacts
centrosymmetrically with the neighboring protomer chain. This configuration
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Figure 3.3 – Quaternary structure and chromophore environment of pcDronpa. (a)
Cartoon representation of a tetramer of pcDronpa (side and top view) showing the
arm-in-arm configuration of the C-terminal tails (filled spheres). Each monomer is
represented by a different color. (b) Comparison of the chromophores and conformations
of residues Met40, Leu12, and Tyr/Asn166 in Dronpa (gray, PDB ID: 2Z1O), pcDronpa
(green, PDB ID: 4HQ8), and EosFP (magenta, PDB ID: 1ZUX). Color code: oxygen in
red; nitrogen in blue; carbon in green, gray, and magenta in pcDronpa, Dronpa, and
EosFP, respectively.
requires the torsional freedom that is contributed by the glycine residue at
position 218. Moreover, a negatively charged moiety at this specific position
might be affected by electrostatic repulsion by Glu140 and Asp192. In the
tetrameric arrangement of the Dronpa monomers in the crystal structure
(PDB 2Z6Z), one can see that Glu218 is facing outward, which is thought
to prevent the arm-in-arm configuration observed in 22G and pcDronpa.
The A/C interface is further stabilized by hydrophilic interactions, while
the A/B interface is formed by a hydrophobic pocket containing the Ile102
we introduced (Figure B.5). The crystal structure thus provides a complete
explanation of how N102I and E218G lead to a tetrameric organization.
The chromophores of Dronpa and the green state of pcDronpa in their
fluorescent form have similar conformations, with the p-hydroxyphenyl
ring in a cis configuration and coplanar with the imidazolinone ring
(Figure 3.3b, Figure 3.4a, and Figure B.6a, tilt and twist angles143 of 11.9°
and −17.1°, respectively). The only appreciable conformational difference in
the chromophore environment of pcDronpa compared to Dronpa is Met40,
whose sulfur atom is displaced by 0.94 Å (Figure 3.3b), allowing the imidazole
moiety of His62 to fit.
The pcDronpa green-off state, which was obtained by switching off the
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a
b
c
Figure 3.4 – Structural effects of
photoswitching and photoconversion
in pcDronpa. (a) Comparison of the
chromophore and its environment in
the green-on (green) and green-off
(gray) states of pcDronpa. The arrows
show the rearrangement of the corre-
sponding residues. (b) Superposition
of the chromophores of the green-
on (green) and red-on (red) states of
pcDronpa, clearly showing the cleav-
age backbone. Residues are shown
in stick format, β-strand 8 is shown
in tube representation, and residues
on β-strand 8 are represented by
their side chains only. (c) Superposi-
tion of the red-on chromophores of
pcDronpa (red), Kaede (gray), and
IrisFP (yellow). Color code: oxygen
in red; nitrogen in blue; carbon in the
color corresponding with the color of
the respective protein.
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fluorescence in crystallo through irradiation at 491 nm, shows the chromophore
in a trans configuration (Figure 3.4a and Figure B.6b, tilt and twist angles of
153.7° and 53.7°, respectively). Also evident from the crystal structure are
rearrangements in the His193 and Arg66 residues, which support and provide
space for the isomerized chromophore. The Cα atoms of Val157, Asn158,
and Met159, part of the β-8 strand, are displaced by 0.6 Å, 0.8 Å and 0.3 Å,
respectively. These differences between the bright and dark state structures of
pcDronpa match earlier observations on Dronpa.58
The structure of pcDronpa in the red-on state was determined by crystal-
lizing a photoconverted protein sample. In order to avoid the inclusion of
photobleached molecules, the concentrated protein sample was converted
only to 40–50% completeness as determined by absorption measurements. The
backbone cleavage between the Cα and the Nα of His62, typical for a PCFP
red state chromophore32–34 (Figure 3.4b), is clearly visible (Figure B.6c,d). The
occupancy factor of 0.39 (averaged from 6 monomers in an asymmetric unit)
for this red form obtained from the refinement corroborates the estimated
conversion completeness of the initial protein sample.
The red state chromophore of pcDronpa is less planar (tilt and twist
angles of 14.5° and −28.6°, respectively) compared to its green-on state
and the red state of other PCFPs, as illustrated for Kaede and IrisFP in
Figure 3.4c. This nonplanarity is likely due to a hydrophobic interaction of the
imidazole group of the red state chromophore with the Met40 moiety, which
has a markedly different conformation in pcDronpa compared to Dronpa.
Saturation mutagenesis of Met40 did not result in mutants with improved
photoconversion properties.
We further investigated the origins of the absence of photoswitching in
the red state. As can be seen from Figure 3.4b, the residues surrounding
the chromophore of pcDronpa do not show pronounced conformational
differences between the green and red state. The only immediately apparent
conformational difference can be found in the nonplanarity of the double bond
at the histidine end of the chromophore in the red state.
For IrisFP, which does photoswitch in the red state, we measured an excited-
state lifetime of 3.5 ns for the red state, and a fluorescence quantum yield of
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0.47 was previously reported.56 This is significantly lower than the excited-
state lifetime of 3.9 ns and fluorescence quantum yield of 0.68 for the red
form of pcDronpa. This corresponds to a decrease of the rate constant for
nonradiative decay from 1.5× 108 s−1 to 8.3× 107 s−1 from IrisFP to pcDronpa
in the red state. Together with the observed nonplanarity and the more
narrow absorption and emission bands observed for pcDronpa (Figure 3.2f)
in comparison to IrisFP,56 this lower value suggests a smaller conformational
mobility (or amplitude of low frequency vibrations like, e.g., internal rotations)
for pcDronpa possibly due to a tighter packing. This suggests that it is not the
static nature of the structure that impedes the photoswitching, but rather the
reduced rotational freedom of the chromophore.144
PKA ENGINEERING It is generally accepted that the green-to-red photocon-
version process occurs from a protonated state of the chromophore. We sought
to improve the photoconversion efficiency of pcDronpa by increasing the pKa
of the chromophore using rational design, as has been suggested previously.57
We made pcDronpa-A69T and confirmed a pKa of 8.0 compared to 5.5 in
pcDronpa. The origins of this shift were elucidated by obtaining a crystal
structure of pcDronpa-A69T at 2.15 Å resolution (Supporting Table 1, PDB
ID: 4IZN). From this structure, we see that in pcDronpa-A69T the interaction
of Arg66 with the keto group of the chromophore’s imidazolinone moiety
is no longer present. As such, negative charges on the chromophore are less
stabilized and the pKa is higher. This situation is similar to that observed in
Dendra2 (Figure B.7), which has a pKa of 7.157 compared to 6.1 in Dendra2-
T69A. The A69T mutation markedly lowered pcDronpa’s brightness, largely
due to a lower extinction coefficient, and resulted in a hypsochromic shift
of the absorption and emission wavelengths of about 10 nm (Table 3.1). This
shift can be explained by the absence of the guanidinium group of Arg66,
which otherwise stabilizes the chromophore’s imidazolinone group. While at
pH 7.4 the extinction coefficient of pcDronpa-A69T in the protonated state is
relatively high,we could not detect any photoconversion to a red state. We thus
conclude that there is no simple one-to-one correlation between the pKa of the
chromophore’s hydroxyphenyl group and the photoconversion efficiency. This
is in accordance with recent studies pointing out that the charge states of the
amino acids surrounding the chromophore rather than the chromophore’s pKa
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are determining the photoconversion rate.145
PCDRONPA2 In a different approach to improve the photoconversion
efficiency, we aligned the crystal structures of pcDronpa and several PCFPs and
found that the most particular discrepancy in the chromophore environment
was situated at position 116. This position is occupied by Tyr in pcDronpa,
but by Asn in Kaede, EosFP, KikGR, and mMaple and by Gln in Dendra2.
Among the non-photoconvertible FPs, this position is not well-conserved. The
region occupied by the hydroxyl group of Tyr116 in pcDronpa contains a water
molecule in the other PCFPs, except for Dendra2, where this region is occupied
with the Oε of Gln116 (Figure B.8). This water molecule, amide oxygen (in case
of Dendra2), or hydroxyl group (in case of pcDronpa) is in direct contact with
another water molecule (W412 in pcDronpa) that is within hydrogen bonding
distance of the Nδ of the chromophore His62. This hydrogen bonding network
has been suggested to be crucially important for photoconversion.32–34, 145
Moreover, the water molecule that is present in the green, but not the red form
in EosFP (W1171), IrisFP (W2077), and Kaede (W459), commonly referred to
as W1, is absent in all pcDronpa crystal structures. It was suggested that this
water molecule is actively participating in the photoconversion,34 which could
be at the basis of pcDronpa’s low photoconversion efficiency, although others
have suggested that this W1 is not crucial for the photoconversion.33
We performed saturation mutagenesis on position 116 of pcDronpa and
identified a mutant with markedly enhanced photoconversion efficiency.
This mutant, which we called pcDronpa2, contains Asn at position 116, is
switchable in the green form (Figure 3.2c), and has a considerably increased
photoconversion rate compared to pcDronpa (Figure 3.2f). While it was, due
to the low absorption at 405 nm, impossible to determine the quantum yield
of green-to-red photoconversion of pcDronpa2 with satisfactory accuracy, we
calculated a normalized photoconversion efficiency that can be used to compare
the ease of photoconversion across different proteins (Figure 3.2g and Table
1). For both pcDronpa2 and mEos3.2, we could achieve a photoconversion
completeness of ∼60%, after which the rate of photodestruction of the
red state became dominant over the photoconversion (Figure B.4). The
increased green-to-red photoconversion efficiency is most likely explained by a
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rearrangement of the hydrogen bonding network surrounding the histidine
moiety of the chromophore. We also introduced a Gln residue at position
116 of pcDronpa, as is the case in Dendra2. While pcDronpa-Y116Q had a
pKa of 6.8, the photoconversion efficiency was similar to pcDronpa-Y116N
(pcDronpa2). Yet again, pKa does not seem to be a good indicator of green-to-
red photoconversion efficiency.
The red form of pcDronpa2 has the highest extinction coefficient of all PCFP
red forms known to date (105 000 M−1 cm−1) and is, just like its ancestor
pcDronpa, not photoswitchable in the red form. Rational mutagenesis based
on literature examples (S142A, V157I/G/S, M159A/T, F173S/L)104, 105, 137, 144
did not generate a four-way highlighter pcDronpa2 mutant (data not shown).
We measured the quantum yield of (irreversible) photobleaching (experimental
conditions described in the Methods section) of the red form of pcDronpa2
(1.66× 10−6) and mEos3.2 (1.93× 10−5) in a cuvette. Under these conditions,
the red form of pcDronpa2 appeared to be more than 10 times more photostable
than mEos3.2. However, these measurements are performed at relatively low
illumination power (0.5 W cm−2) and in buffer, which means that they cannot
be directly translated to the performance in a microscopic setting. We therefore
recorded and analyzed wide-field data on the photostability and photoblinking
of pcDronpa2 and mEos3.2 (see Methods section for experimental details) and
found that, under these conditions, the red-emissive state of pcDronpa2 is
as photostable as mEos3.2 in the red state while being slightly less prone to
photoblinking (Figure B.9). We believe that the discrepancy between the data
recorded in cuvette and on the microscope is due to a nonlinear dependency of
photobleaching on the illumination power.146
MONOMERIZATION OF PCDRONPA2 We found that reverting the N102I and
E218G mutations is not a viable strategy to obtain a monomeric pcDronpa2
variant. ffDronpa-C62H-N94S turned out to be nonfluorescent, and ffDronpa-
C62H-N94S-N102I is only very dimly fluorescent. As an alternative approach,
we used our crystallographic data to rationally break the tetramer interfaces in a
different way (see Figure B.5). Mutations N158E and Y188A disrupted the A/C
interface, while V123T additionally broke the A/B interface (see Figure B.2).
Although we could thus successfully make a monomeric version of pcDronpa2
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(pcDronpa2-V123T-N158E-Y188A), this mutant displayed no photoconversion.
While a range of monomeric PCFPs is available and actively used,39, 40, 42, 108, 135
our data and literature examples alike34, 103 demonstrate that PCFPs are often
found in a tetrameric organization and tend to resist monomerization. Clearly,
this oligomeric nature influences green-to-red photoconversion rather strongly,
though the structural origins responsible for this effect are unclear.
MICROSCOPY We sought to evaluate the use of pcDronpa2 for multimodal
diffraction-unlimited fluorescence microscopy. Upon transfection with a plas-
mid encoding pcDronpa2 fused to human β-actin, fixed HeLa cells displayed
a bright fluorescence distribution characteristic of the actin cytoskeleton.
Upon irradiation with 488 nm light, we observed a rapid decrease in green
fluorescence intensity, consistent with the photochromic nature of pcDronpa2,
quickly reaching a plateau characterized by rapid and stochastic intensity
fluctuations, similar to the blinking behavior previously reported on Dronpa
and rsTagRFP.25, 133 We acquired 700 images over approximately 35 s and
subjected these to a second-order cross-cumulant pcSOFI analysis (Figure 3.5d).
The resulting images displayed a 2-fold increase in spatial resolution and
marked increase in detail (Figure 3.5e,f).
Next, we switched to PALM imaging of the very same cell, by reconfiguring the
instrument for the detection of red fluorescence and converting the green state
proteins to the red state using 405 nm light during the acquisition. Individual
pcDronpa2 molecules could be clearly observed over more than 25 000 acquired
images and were recorded and analyzed to an estimated precision of 22 nm
(2.6× 106 total localizations, 6.4× 105 consolidated localizations). The high-
resolution reconstructed images (Figure 3.5g–i) show a very high increase in
detail that is consistent with the pcSOFI images. Importantly, this consistency
allows us to additionally validate the results obtained by both techniques,
adding further confidence to the recorded images.
3.4 CONCLUSIONS
In this work, we have developed a novel fluorescent highlighter probe based on
the photochromic fluorescent protein Dronpa and demonstrated its usefulness
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Figure 3.5 – Microscopic imaging of pcDronpa2-tagged human β-actin. (a–c) Wide-field
image of pcDronpa2-labeled β-actin in HeLa cells made by averaging the 700 frames
used in pcSOFI. (d–f) pcSOFI image of the same cell. (g–i) PALM image of the same
cell. The scale bar in frames a, d, and g is 10 µm. Frames b, e, and h show a detail of the
β-actin structure (scale bar = 1 µm). Frames c, f, and i are further zoomed in (scale bar
= 0.3 µm). The absence of some actin fibers at the outer edges of the cell in the pcSOFI
image is due to the increased z-sectioning in pcSOFI combined with imperfections of
the 488 nm illumination and these structures being slightly out of focus.
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in multimodal super-resolution fluorescence microscopy, combining pcSOFI
with PALM. We first identified ffDronpa, a Dronpa variant that forms up to
three times as fast as Dronpa, while retaining its interesting photochromic
properties. In our hands, ffDronpa is the label of choice for experiments
involving moderately fast reversibly photoswitchable fluorescent proteins.
After rationally introducing His62 in ffDronpa and two rounds of random
mutagenesis, we identified the effectively green-to-red photoconvertible
pcDronpa. It is the first three-way optical highlighter that combines reversible
photochromism in the green state with photoconversion to a non-photochromic
red state. We obtained crystal structures of the green-on, green-off, and red
state.
Using this structural data, we sought to improve pcDronpa’s photoconversion
efficiency. In a first attempt, we rationally increased the pKa of the chromophore
but found that this is not a viable strategy for improving the photoconversion
efficiency. A second strategy involved mutating residue 116 to Asn. This
resulted in pcDronpa2, a mutant that is very efficiently photoconvertible,
comparable to mEos3.2 and has the brightest red state of all known green-
to-red PCFPs. Together with the absence of switching in the red state, this
makes pcDronpa2 a very interesting probe for PALM imaging. By rationally
breaking the A/B and A/C interface, we turned pcDronpa into a monomeric,
albeit nonphotoconvertible fluorescent probe. Thus far, we have not be able to
obtain a monomeric and photoconvertible pcDronpa variant.
We herein show that pcDronpa2 opens doors for multimodal super-resolution
imaging of biological samples, due to its tailored “smart” properties. At the
cost of having to use a tetrameric label, we have shown that pcDronpa2 allows
one to combine pcSOFI and PALM super-resolution imaging, leading to a more
flexible, streamlined, and verifiable approach toward fluorescence imaging
beyond the diffraction limit.
3.5 METHODS
CLONING, LIBRARY CONSTRUCTION, AND SCREENING Rational mutagenesis
was performed as previously described.115 A list of primers is available as
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Supporting Information (Figure B.2). For random mutagenesis, a similar
megaprimer-based protocol was used.147 All cloning and protein expression
was done using the pRSet-B vector (Invitrogen) with the insert cloned between
the BamHI and EcoRI sites in E. coli JM109(DE3) cells (Promega). To screen
for photoconversion, bacterial plates were incubated at 4 ◦C on a home-built
405 nm LED source and illuminated overnight. Red fluorescent colonies were
readily visible under 488 nm light illumination, picked, grown, miniprepped,
and sequenced (LGC Genomics).
For the visualization of human β-actin, the KikGR gene was replaced by the
gene coding for pcDronpa in the phKikGR-I-MCI vector (Amalgaam) using
primers Dronpa_NheI_actin_FWD and Dronpa_AgeI_actin_REV and standard
cloning between the NheI and the AgeI site.
PROTEIN PURIFICATION AND CHARACTERIZATION Proteins were purified
as described in Supporting Method 1. Extinction coefficients were measured
by Ward’s method63 using the literature value of Dronpa (95 mM−1 cm−1) as
a reference. The quantum yields of fluorescence were determined relative to
fluorescein in 0.1 M NaOH (QY = 0.925) for the green form and relative to
rhodamine6G in TN buffer (QY = 0.92) for the red form. Both absorption and
emission were measured with the setup used for photoactivation analysis
described below, equipped with an extra 473 nm (50 mW, Spectra Physics) or
532 nm (200 mW, Spectra Physics) laser for excitation. The pKa values were
measured by calculating the inflection point of the sigmoids that were fitted
(Igor Pro, Wavemetrics) to the absorption maxima of the neutral and anionic
species at pH values ranging from 3 to 13.
The protocol for measuring the maturation speed was largely based on a
previously described method.73 Plasmid DNA was mixed with all necessary
components for in vitro translation (PURExpress in vitro protein synthesis
kit, NEB) in a volume of 25 µl and incubated at 37 ◦C for 15 min and afterward
immediately frozen and stored at −80 ◦C. The sample was taken out of the
freezer, and immediately, 150 µl of air-saturated maturation buffer consisting
of 50 mM Tris-HCl, 2 mM MgCl2, 35 mM KCl, 5 mM β-mercaptoethanol, and
0.3 mg ml−1 chloramphenicol at pH 7.5 and 37 ◦C was added to the sample.
The solution was immediately transferred to a PTI QuantaMaster fluorimeter
70 DESIGN OF PCDRONPA2
which was set at 503 nm excitation and kept at 37 ◦C. Emission at 518 nm was
measured every second until a plateau value was reached.
The setup that was used for determining the photoactivation behavior of the
fluorescent proteins is schematically represented and discussed in Figure B.10.
For photoswitching experiments, the protein samples were diluted in 1 ml of
TN buffer to an optical density of below 0.2 at the absorption maximum. The
cuvette (Hellma) was kept at 10 ◦C and continuously stirred. For off- and on-
switching, a 488 nm Ar-ion gas laser (Spectra Physics) operating at 0.5 W cm−2
and a 405 nm diode laser (Coherent CUBE) operating at 0.047 W cm−2 were
directed into the cuvette from above. For photoconversion, the protein
sample was diluted to an optical density of between 1.0 and 1.5 at the
absorption maximum and subsequently irradiated with the 405 nm diode
laser at higher laser power (1 W cm−2). The normalized photoconversion
efficiency was calculated as the initial slope of the reduction in green state
absorbance divided by the initial concentration of the green state, after which
all values were normalized to the value obtained for mEos3.2. The normalized
photoconversion efficiency is a measure for the ease of photoconversion that
contains both the green state absorption at 405 nm and the quantum yield
of photoconversion and is independent of the intensity of 405 nm irradiation.
Using a 561 nm DPSS laser (Cobolt Jive) operating at 0.5 W cm−2, we irradiated
the photoconverted protein samples to check for photoswitching in the red
form. For photobleaching of the red state, the photoconverted sample was
diluted to an OD of 0.2–0.4 at the maximum absorption wavelength and
irradiated with 561 nm light (0.5 W cm−2) while absorption spectra were
recorded every minute.
The data were fitted to the model derived and described in detail in Supporting
Method 2, from which the quantum yields of off-switching, on-switching, and
photobleaching could be calculated. Excited-state lifetime data were measured
and analyzed as described elsewhere.137 The excitation wavelength was 488 nm
and 560 nm for the green and red state, respectively. Emission wavelengths
varied between 505 nm and 580 nm and 575 nm and 650 nm for the green and
red state, respectively.
For the analysis of photoswitching fatigue and photoswitching contrast under
high illumination powers, we used a setup that consisted of a Sola Light Engine
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(Lumencor) coupled into an inverted microscope (Olympus IX71) equipped
with a zt488rdc dichroic mirror (Chroma) and a 10× objective (UplanSApo,
Olympus). Fluorescence images were recorded using an EMCCD camera (iXon,
Andor). For the photofatigue measurements, a suspension of NiNTA beads
(Qiagen) covered in His6-tagged FPs was sandwiched between two coverslips.
The proteins were switched off to 5% of their initial emission with cyan light
and back to the on-state with violet light. This cycle was repeated 100 times.
For photoswitching contrast on the microscope, samples were prepared in a
thin film of polyacrylamide as described before.134 Proteins were switched off
with cyan light until a plateau value was reached; the camera background was
subtracted, and the ratio between the average initial and final pixel value was
calculated.
The oligomerization state of the proteins was analyzed by size-exclusion
chromatography (SEC) at a concentration of 0.1 mM in TN buffer. We used
a HiLoad Superdex 200 pg 16/600 column coupled to an Akta Purifier 10
system (both GE Healthcare) that was calibrated with a gel filtration molecular
weight marker kit (MWGF200, Sigma Aldrich).
CRYSTALLOGRAPHY Crystallization conditions of pcDronpa and pcDronpa-
A69T were screened for using the 96-matrix Index screen (Hampton Research)
by the sitting-drop vapor-diffusion method. Promising conditions were
consequently prepared manually in sitting drops consisting of 1.5 µl of
pcDronpa (7 mg ml−1) or pcDronpa-A69T (5 mg ml−1) protein solution in 0.1 M
TN buffer and 1.5 µl of the well solution and were placed against 100 µl of the
screening solution at 16 ◦C. Yellow-greenish pcDronpa crystals were obtained
after approximately a week in a condition of 25% (w/v) PEG 3350, 0.1 M HEPES
pH 7.5. The green-off crystals were obtained by irradiating the yellow-greenish
crystals with a 488 nm laser for 5 min to 10 min in a dark room. The crystals
were clearly dimmer (essentially colorless) compared to the non-illuminated
ones. To obtain the red-on crystals, we irradiated the pcDronpa solution in
optimal conditions for photoconversion, in which the maximal effectiveness for
the photoconversion of pcDronpa was about 40–60%. We used this red solution
for crystallization. Red crystals appeared in the same condition and after the
same period as the yellow-greenish ones. Plate-like crystals of pcDronpa-A69T
72 DESIGN OF PCDRONPA2
were grown in a condition of 32% (v/v) PEP 426, 0.05 M HEPES pH 8.0, and
0.2 M KCl. Prior to X-ray data collection, the crystals were flash-frozen in liquid
nitrogen without using cryoprotectants. Details about the X-ray diffraction
data acquisition, structure determination, and refinement can be found in
Supporting Method 3.
MICROSCOPY For both the human β-actin and the membrane-targeted
constructs, the plasmid DNA was transfected into cultured HeLa cells using
the calcium phosphate method (Molecular Cloning), grown in DMEM medium
supplemented with 10% FBS, glutamax, and gentamicin (all Gibco) on
glassbottom dishes (MatTek). Green fluorescence was clearly visible 24 h to 72 h
after transfection. Cells were washed three times with HBSS medium (GIBCO)
that was preheated to 37 ◦C, fixed with freshly prepared and preheated 4%
formaldehyde in PBS for 30 min at 37 ◦C, washed three times with PBS, and
then stored at 4 ◦C for no longer than 2 weeks until the samples were imaged.
We used an Olympus IX83 inverted microscope equipped with a cellˆtirf
module, a 100 mW 405 nm, a 150 mW 488 nm, and a 150 mW 561 nm cell* laser,
a UAPON 150XOTIRF objective, manufacturer-installed filters (all Olympus),
and an EMCCD camera (Hamamatsu ImagEM). In the cellˆtirf module, ND2
and ND1 filters (Thorlabs) were inserted in the 405 nm and 488 nm lines,
respectively. The exposure time of the camera was set at 50 ms with an EM gain
of 500. After acquiring 1000 frames of green fluorescence for pcSOFI analysis,
25 000 frames of PALM data were acquired. Data analysis was done with
the Localizer package133 with empirically optimized settings. The estimated
localization precision was determined by consolidating the identical emitters
and multiplying the pixel size with the computationally estimated localization
error.
For the analysis of photostability of the red form of pcDronpa2 and mEos3.2,
samples of HeLa cells expressing FP-labeled human β-actin were imaged like
for PALM imaging. The total integrated intensity of the fitted positions of the
red state emitters was calculated using the “Consolidate identical emitters”
function of Localizer. Molecules that were emitting for more than 5 frames
were discarded, as they can be considered fluorescent impurities of the sample.
The intensity histograms of eight data sets were evaluated, and it was seen that
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discarding localizations that were emitting more than 5 frames reduced the
weight of the tail of the distribution without altering the distribution maximum.
This shows that the tail intensities are mostly independent from the fluorescent
proteins. For each FP label, eight independent data sets of 7500 frames each
were analyzed and summed.
Photoblinking was quantified using similar samples as for the photostability
analysis, but during acquisition, the intensity of the 405 nm laser was reduced
more than 100-fold such that only 10–20 molecules were on in any given
frame. Molecules that were on for more than 5 consecutive frames were again
discarded. For every molecule, we calculated the number of times it blinked,
that is, went to a dark state and subsequently recovered to a bright state. These
data were plotted in a normalized histogram.
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CHAPTER4
PCSOFI AS A SMART LABEL-BASED
SUPERRESOLUTION MICROSCOPY
TECHNIQUE
This chapter was published as:
Benjamien Moeyaert and Peter Dedecker (2014). pcSOFI as
a Smart Label-Based Superresolution Microscopy Technique.
Photoswitching Proteins. Methods in Molecular Biology; Springer
New York, Vol. 1148, 261-276.
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In this chapter, we give a brief overview of photoswitchable flu-
orescent proteins and how they can be used in superresolution
microscopy. We focus on pcSOFI and give a detailed protocol
for doing pcSOFI in HeLa cells. I wrote this chapter entirely
and made all the figures, except for the Section on Cumulants
and Orders, which was co-written with Peter Dedecker.
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4.1 ABSTRACT
Stochastic optical fluctuation imaging (SOFI) is a superresolution imaging
technique that uses the flickering of fluorescent labels to generate a microscopic
image with a resolution better than what the diffraction limit allows. Its
adaptation towards fluorescent protein-labeled samples (called photochromic
SOFI or pcSOFI) allows for a straightforward and easily accessible way of
generating superresolution images. In this protocol, we will discuss how so-
called “smart labels,” and specifically the reversibly switchable fluorescent
proteins, have opened doors towards superresolution imaging in general and
we provide a protocol on how to perform pcSOFI on HeLa cells expressing
human β-actin labeled with the reversibly photoswitchable fluorescent protein
Dronpa.
KEYWORDS: diffraction limit • superresolution microscopy • imaging • smart
labels • fluorescent proteins • reversible photoswitching • pcSOFI
4.2 INTRODUCTION
4.2.1 BREAKING AN UNBREAKABLE BARRIER
Nature is intrinsically complex on many scales. While macroscopic phenomena
are readily observed by the naked eye, the microscope has provided great
insights into nature at a much smaller and somehow more fundamental level.
For decades, fluorescence microscopy has been the technique of choice for
studying biological phenomena at the micrometer and sub-micrometer scale.
However, the spatial resolution of light-based microscopy is restricted by what
is called the diffraction limit.
Visible light is an electromagnetic wave with wavelengths in the 400 nm to
700 nm range. As a result of this wave-like nature, light emitted by a point
source will be detected as a spatial intensity distribution rather than a single
point (Fig. 4.1a). This distribution is a direct consequence of diffraction. In
the second half of the nineteenth century, Ernst Abbe found that the lateral
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Figure 4.1 – Diffraction and resolution. (a) The wave-like nature of light leads to
diffraction. As a result, the emission of an infinitesimally small emitter describes a
point spread function of typically 200 nm in diameter. (b) Point sources closer than
the diffraction limit (e.g., 50 nm) cannot be resolved due to overlapping point spread
functions
dimensions of this distribution can be approximated as a spot with radius
λ/(2NA). In this equation, NA is the numerical aperture of the objective, a
measure for the size of the cone of light that can be collected by the objective,
with a value that is usually less than 1.5. This diffraction-limited spot is often
referred to as the “point spread function”.
As a result of point spreading, two emitters that are sufficiently close to each
other project overlapping intensity profiles (Fig. 4.1b). When two such emitters
are close enough, the individual projections can no longer be discriminated
and the individual emitters cannot be resolved. This so-called diffraction limit
is wavelength- and NA-dependent; a typical value is about 200 nm to 250 nm.
As a consequence, at large magnifications, the image is inevitably blurred.
Given that the scale of many biological structures and processes is smaller than
this diffraction limit, the implications for biological fluorescence microscopy
applications are obvious.
Point spreading is an unavoidable barrier in far-field fluorescence microscopy.
However, recent scientific developments offered ways to reduce this problem.
One solution is to reduce or prevent fluorescence emission from emitters
that would otherwise overlap. This is an interesting paradox. High label
densities are needed to image fine structures, but detecting labels at lower
densities seems to open doors for higher resolution imaging. The solution to
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this apparent contradiction is to temporarily reduce the detected label density.
In other words, classical labels, following a fixed and well defined chain of
events (they are irradiated, get excited, and emit fluorescence) are insufficient.
Their direct linear coupling between irradiated light and fluorescence emission
leaves no room to avoid the consequences of diffraction.
Increasingly however, new fluorescent labels are being discovered that display
a nonlinear relationship between the intensity of excitation light they receive
and the intensity of the emitted fluorescence. In other words, these labels do
not inevitably process an incoming photon into an emitted photon, but can use
the energy of the incoming photon to access a range of different states with
different emissive properties. Because their emissive properties can be altered
effectively at will, they have been referred to as “smart labels”.130
Using these smart labels, it is possible to come up with techniques that
temporarily reduce the local density of emissive labels and perform repeated
measurements to build up a superresolution image. There are roughly two
ways of doing this. The first idea is to use patterned illumination to locally
and temporarily alter the emissive properties of a subset of labels. The
labels respond differently depending on their position relative to the pattern,
which provides a means of sharpening the resulting excitation or emission
distributions. The second idea is to apply a uniform illumination to the
sample and use the stochastical nature of the photophysical processes in the
smart labels to create evolving fluorescence distributions in which different
combinations of emitters are active at any given instant. However, at the core of
every superresolution technique is the use of “smart labels” not just as passive
photon sources, but as active partners in the measurement.
Rather than giving a complete overview of superresolution imaging techniques,
which has already been presented in several review papers,85, 88, 148, 149 we will,
guided by a few examples, demonstrate how these techniques crucially depend
on smart labels, with a particular emphasis on smart fluorescent protein labels.
4.2.2 SMART FLUORESCENT PROTEINS
Fluorescent proteins (FPs) are genetically encoded labels that have been
successfully used in numerous life science research settings.150 Interestingly,
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Figure 4.2 – (a) Reversibly photoswitchable fluorescent proteins (RSFPs) can be switched
off from a bright, green-emissive state to a dark, non-emissive state with high intensity
488 nm light. The dark state is efficiently returned to the bright state with low-intensity
405 nm light. (b) Photoconvertible fluorescent proteins (PCFPs) exist as green-emissive
species that can irreversibly be converted to a red-emissive state by applying 405 nm
light. (c) Photoactivatable fluorescent proteins (PAFPs) are initially in a nonfluorescent
state. Upon activation with 405 nm light, they irreversibly become fluorescent
some of these fluorescent proteins (FPs) were found to display so-called
photoactivation properties, meaning that their fluorescence emission can be
altered by irradiating them with light of specific wavelengths (Fig. 4.2).89 Not
only are these smart fluorescent proteins interesting from a biophysical and
photophysical point of view, they above all are pivotal in superresolution
imaging of living systems.
The first example of superresolution imaging with smart fluorescent protein
labels is based on reversibly photoswitchable fluorescent proteins (RSFPs),
which can be reversibly switched between a bright fluorescent and a dim,
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Figure 4.3 – The RESOLFT technique. In the diffraction-limited focal spot, all molecules
are switched on with 405 nm light. Next, a donut-shaped beam of 488 nm light is applied,
bringing off-center molecules to a non-emissive state. In the last step, the emission of
the center molecules, located in an area smaller than the diffraction limit, is collected.
This process is repeated for every pixel until the entire region of interest is imaged
nonfluorescent state (Fig. 4.2a). This behavior is used in reversible saturable
optical fluorescence transitions (RESOLFT) microscopy (Fig. 4.3).151 In this
technique, a light pattern is applied onto the sample in order to bring a subset
of emitters to a non-emissive state. For example, quenching light can be focused
into a special intensity distribution that irradiates only molecules towards
the edges of the focal volume of a confocal microscope. As a result, only
those labels are switched off, and fluorescence from the labels residing in a
center area arbitrarily smaller than the diffraction limit can be excited and
detected, while the off-center molecules do not contribute. The sample is point
scanned and although the excitation beam used to read out the fluorescence is
diffraction limited, the detected point spread function is effectively reduced
thanks to the fluorescence depletion. A similar technique is stimulated emission
depletion (STED),75 which makes use of stimulated emission depletion instead
of photoswitching. As a result, this technique is somewhat less flexible when
used with fluorescent proteins. Patterned illumination is also the basis for
some diffraction-unlimited wide-field applications such as nonlinear structured
illumination microscopy (NSIM)152 or wide-field applications of RESOLFT.76
Two other interesting classes of smart fluorescent proteins are the irreversibly
photoconvertible fluorescent proteins (PCFPs) (Fig. 4.2b) and the irreversibly
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photoactivatable fluorescent proteins (PAFPs) (Fig. 4.2c). The former class
consists of initially green fluorescent proteins that upon irradiation with 405-nm
light convert to a red fluorescent state, while the latter class consists of initially
nonfluorescent proteins that become fluorescent upon activation with 405-nm
light. These two classes open doors for a different kind of superresolution
imaging approach. Since they can both be turned on from a non-detected
to a detected state, it is possible to image only a subset of labels by tuning
the activation light. When in every frame no two emitters overlap, every
molecule can be detected individually. Furthermore, since the shape of the
pointspread function is known, the physical position of an emitter can be
perfectly determined if its emission spot is directly recorded. By tuning the
photoactivation such that the emitters are slowly activated over the course of
many acquired fluorescence images, the emission spot of each emitter can be
clearly resolved. These images can then be subjected to an automated analysis,
where a computer program automatically analyzes the resulting fluorescence
images and determines the precise position of every fluorophore. These
positions are then used to create synthetic superresolution images. A number
of different techniques, collectively known as “localization microscopy”,153
exploit this principle, though in the context of fluorescent proteins this concept
is typically known as photoactivated localization microscopy (PALM) (Fig.
4.4).81 It is seen here that reversibility of the activation is not strictly required.
However, RSFPs can be useful for PALM, for instance for repeated imaging of
the same sample.
Localization microscopy requires that the observed label density is as low as
possible, so that the emission of the individual molecules does not overlap. In
fact, localization microscopy is simply an example of the more fundamental
underlying concept: taking advantage of the fluorescence dynamics of the
fluorophores to record multiple, complementary views of the same (stationary)
sample. Superresolution information can be extracted by comparing the
resulting images with one another. Photoactivated localization microscopy
(PALM) is a powerful example, but there is a wide range of conditions
under which individually resolvable emitters cannot be prepared, though
overlapping and apparently highly complex fluctuations in emitter emission
can be observed. One way of creating such images would be to irradiate an
RSFP-labeled sample with both off- and on-switching light. The resulting
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Figure 4.4 – The technique of PALM. All molecules in the field of view are brought
to a non-emissive state or are already nonfluorescent. By applying very low doses
of activation light, some molecules are stochastically brought to a detectable state.
The sample is visualized and the cycle repeats until all emitters have been visualized.
Afterwards, in every recorded image the single molecule emitters are identified, fitted
to a 2D-Gaussian function and their center position is stored. A diffraction-unlimited
image is reconstructed from these center positions
“flickering” images can be used to obtain a superresolution image using a
technique called stochastic optical fluctuation imaging or SOFI,78, 154 even
when the emission of individual molecules is not resolvable at all. When using
RSFPs, SOFI microscopy is typically known as pcSOFI.80
The principle behind pcSOFI is conceptually straightforward (Fig. 4.5). When
excitation light is applied onto an RSFP-labeled sample, the labels continuously
cycle between the fluorescent and nonfluorescent state (Fig. 4.2a), determined
by the off-switching induced by the excitation light and the thermal or light-
induced recovery of the fluorescent state. If the rates of off- and onswitching
are well tuned, then a sustained flickering of the RSFP labels can be seen. In
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Figure 4.5 – The SOFI technique. (a) A stack of images showing flickering fluorescent
labels is recorded. (b) For every pixel, an intensity trace is generated and (c) the cumulant
is calculated. The magnitude of this cumulant is then used to reconstruct (d) a diffraction-
unlimited image
every pixel, the measured intensity is the sum of the intensities of several
neighboring molecules. Since the fluctuations of every emitter are independent
from all the other emitters, their contributions can be more selectively extracted
using a cumulant analysis, which is analogous to a correlation analysis (see
Box: Cumulants? Orders?: How SOFI Works). Plotting the cumulant instead of
the intensity results in an image that displays a reduced background, a better
contrast, and a higher spatial resolution.
The most attractive aspects of pcSOFI are its ability to provide repeated imaging
(including 3D imaging) with comparatively fast temporal resolution (compared
to PALM) under a wide range of conditions. The imaging can be performed
using a range of RSFPs and is very well accessible for nonexpert users. Because
of its wide range of applications in biological superresolution imaging, we
will discuss pcSOFI with some of its practicalities and end this chapter with
a hands-on protocol for pcSOFI imaging of RSFP-labeled human β-actin in
cultured HeLa cells.
4.3 REQUIREMENTS AND DELIVERABLES FOR PCSOFI
In this second part, we discuss what can be expected from and what is needed
for pcSOFI. We discuss the spatial and temporal resolution, which labels are
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suitable for pcSOFI, what equipment is needed, and lastly we provide some
information concerning the data analysis.
4.3.1 SPATIAL AND TEMPORAL RESOLUTION
Theoretically the resolution of pcSOFI is unlimited, but in practice, a threefold
resolution increase, up to 70 nm, is what is readily achievable with the current
FPs. This is less than can be achieved with PALM (for which a typical resolution
is around 20 nm), which is probably the closest relative to pcSOFI in terms of
experimental hardware and imaging strategy. As we have outlined above, this
discrepancy is due to the much lower requirements that pcSOFI imposes on the
imaging: instead of requiring individually resolvable emitters, only observable
fluctuations in fluorescence are needed, and the imaging can therefore be
performed under conditions where PALM imaging would fail. This also means
that the imaging can be performed with many more labels active in any given
image, and as a consequence, a small image sequence containing 500 frames
is enough to generate superresolution data. With as little as 100 frames, a
significant resolution enhancement can already be obtained. This allows for
the diffraction-unlimited visualization of dynamic processes in living systems
with temporal resolutions of a few seconds or less.
4.3.2 AVAILABLE LABELS
Sample preparation and labeling have to be well adapted to both the sample
and the imaging technique in question. In addition to fluorescent proteins,
SOFI imaging has been performed using synthetic dyes79 and quantum
dots.78 In combination with antibodies or other targeting strategies, they can
be specifically and efficiently targeted to any structure of choice, and can
allow excellent imaging. However, some of these labeling strategies have low
biocompatibility for example because of potential toxicity when brought into
the cell.
For live cell experiments, fluorescent proteins are the typical labels of choice. For
pcSOFI, the repertoire of labels that can be used is broad. While originally only
the RSFPs Dronpa24 and rsTagRFP144 (green- and red-emitting, respectively)
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were reported, we have found that a broad range of RSFPs and even non-
switchable FPs (for instance Emerald155) display the kind of flickering that can
be processed via pcSOFI into high resolution data (unpublished findings).
4.3.3 REQUIRED EQUIPMENT
pcSOFI has only modest technical requirements, and can often be performed
on hardware that is readily available. For optimal imaging, excitation light
should be provided by lasers, coupled into an inverted fluorescence microscope
equipped with a high-NA objective and appropriate filters. A 488 nm laser line
can be used for Dronpa and other GFPs, while a 561 nm laser line can be used
for rsTagRFP or other RFPs. An EMCCD camera is the detector of choice,
because of the good signal-to-noise ratio that can be obtained, coupled with the
high speed of acquisition. If the sample can be analyzed by TIRF imaging then
a TIRF illumination system can be advantageous, though it is not required.
We have used a variety of setups to acquire pcSOFI data. Good quality data
could be obtained with home-built setups with different brands of optics,
microscope bodies, lasers, and cameras. Also, we used two commercial wide-
field fluorescence microscopes (Nikon Eclipse and Olympus cellˆtirf) and found
them to be very well suited for pcSOFI microscopy. Overall, any sufficiently
sensitive microscope with the ability to acquire images at fairly high rates
should be suitable.
4.3.4 DATA ANALYSIS
As a statistical technique, SOFI is based on computational processing of the
acquired data. In a nutshell, SOFI software calculates for any given pixel the
intensity fluctuation in time upon which an auto- or cross-correlation analysis
is performed. From the correlation function then, the cumulant (a parameter
that has the same value as the correlation for second and third order correlation
analysis) is extracted and used as intensity value for that specific pixel (Fig. 4.5).
In order to get the most out of the analysis, an extra calculation, such as a so-
called Richardson-Lucy deconvolution, has to be performed. More information
can be found in the Box and in literature.78, 79, 154
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The actual cumulant analysis requires only a very limited number of parameters
and settings, such as the order of the calculation, and can therefore be
performed even with comparatively little experience. Higher order calculations
allow a higher resolution improvement to be realized, though at the cost of
increased sensitivity to noise, requiring the acquisition of more fluorescence
images during the experiment. With the current FPs, second- and third-order
SOFI calculations are possible.
By virtue of the underlying concepts, SOFI calculations are unlikely to induce
artificial structuring or biasing into the resulting output images. In other words,
SOFI should not introduce spurious structural features or details into the
superresolution image. Furthermore, if the sample is uniformly illuminated
and the fluorophores display similar fluctuations and brightnesses then the
observed signal is proportional to the local concentration of the fluorophore.
However, if these assumptions are not true then these differences can be
amplified in the output SOFI image.
The actual calculations used in SOFI imaging are not particularly difficult
to implement. However, we have created a freely available and open-source
implementation of the SOFI analysis, which is described in further detail below.
CUMULANTS? ORDERS?: HOW SOFI WORKS
The key requirement for SOFI microscopy is the stochastical
fluctuation of the individual fluorescent emitters. Because of
the stochasticity and reversibility of the process underlying
fluorescence blinking, one can record many images, every one
of them representing the same structure but with a different
subset of emitting molecules.
So what happens in the “black box” of a SOFI calculation?
Say that we acquired a fluorescence movie consisting of 100
images using a camera that has 512 × 512 pixels (262,144
pixels in total). That means that for every one of those
262,144 pixels, we recorded 100 intensity values. We can now
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characterize each of those 262,144 series of 100 intensity values
using a statistical approach known as cumulants. Cumulants
are simply numbers that tell us something about what a
particular distribution looks like. In fact, there is a whole
family of cumulants, known as different orders. The second-
order cumulant is the most simple, followed by the third order
cumulant, up to a cumulant of any order n. This concept of
orders is no different from what you may have encountered in
everyday statistics: the mean of a distribution is also known
as its first moment, while its variance is known as the second
moment, the skewness as the third moment, and so on for a
theoretically unlimited number of moments.
So what do these cumulants look like in practice? They are
somewhat difficult to write down straightforwardly, so instead
we usually compute them by calculating correlation functions.
Here is the expression for the second order cumulant C2(τ),
which is the most simple one that we use in SOFI:
C2(τ) = 〈δF(t) · δF(t + τ)〉. (4.1)
In this expression F(t) is simply the fluorescence intensity
(the pixel value) in the image acquired at time t. δ means
“fluctuation of”, so δ(t) can be read as “the fluctuation of the
fluorescence at time t”. In other words, we simply take the
pixel value at time t and subtract the average of all values that
we recorded for that pixel, which then gives us the fluctuation.
The notation 〈...〉means that we average whatever is between
the angle brackets over all the acquired images. Lastly, the
τ parameter is known as the time lag. It means that we can
multiply a fluctuation at time t with a fluctuation at time t + τ
if we choose to do so. However, we usually set τ equal to zero,
so we obtain:
C2 = 〈δF(t)2〉. (4.2)
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It may not seem like it yet, but this formula gives us a very
simple recipe to calculate SOFI images! Basically, here is what
it says: for every one of those 262,144 pixels, convert the 100
intensity values to fluctuations (deviations from the average)
by subtracting the average value for that pixel. Next take
the square of each of those fluctuations, and calculate the
average. The resulting number is the value of that pixel in
the SOFI image. Seems familiar? Could be, because this is
simply the calculation of the variance of the pixel values!
The superresolution information comes from the fact that we
square the fluctuations in Eq. 4.2, which results in an image of
which the effective point spread function is narrower. While
taking the square of all the values in an image will lead to
peaks becoming sharper, it will not cause them to become
more resolved, and that is why we need to include multiple
image acquisitions.
Now we take a look at what the third order cumulant in the
simplest case looks like also compare it with Eq. 4.2:
C3 = 〈δF(t)3〉. (4.3)
In this case we are working with the cube of the fluctuations,
so we end up with more resolution improvement. However,
as also the noise is cubed, the third order cumulant is more
susceptible to this noise. In general, higher cumulant orders
produce a more substantial resolution improvement, but
either requires higher-quality input data or the acquisition
of more images to counteract this increased susceptibility to
noise in the measurement. This concept generalizes to the
higher cumulant orders, though orders of four and above the
mathematical expressions are no longer as simple as they are
for second and third orders. For order n, we can expect a
factor
√
n improvement in resolution. Using deconvolution
or Fourier reweighing, this can be extended to a factor n
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improvement. In practical experiments we will also typically
use crosscumulants to create additional, “virtual”, pixels that
provide additional information but require a somewhat more
complex calculation.
4.3.5 A BASIC PROTOCOL FOR SOFI IMAGING
Here, we will describe a short protocol on how to image the β-actin fiber
network in HeLa cells using pcSOFI. We used vector Dronpa-β-actin/pMC1,109
containing the green RSFP Dronpa N-terminally linked to human β-actin. For
dual-color imaging, we find rsTagRFP to be a suitable red RSFP.
4.4 MATERIALS
4.4.1 CELL CULTURE
1. HeLa cells.
2. Growth medium: Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10 % fetal bovine serum (FBS), 1 % GlutaMAX, and 0.1 %
gentamicin.
3. Hank’s buffered salt solution (HBSS).
4. Phosphate buffered saline (PBS).
5. Fixation buffer: freshly prepared 4 % paraformaldehyde in PBS.
6. Plasmid DNA: Dronpa-β-actin/pMC1. This vector is based on the
phKikGR-I-MCI vector (Amalgaam, Tokyo, Japan) in which the gene
coding for human β-actin was introduced between the BamHI and the
NotI site and in which the gene coding for KikGR was replaced by the
gene coding for Dronpa.109
7. 35 mm glass bottom culture dishes (MatTek Corporation, Ashland, MA,
USA).
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As for any superresolution imaging technique, pcSOFI benefits from careful and
clean sample preparation. However, there are different degrees of “cleanliness”.
Single molecule clean sample preparation is rather difficult to achieve when
working with biological samples. Growth media, transfection agents, and most
importantly the cells themselves can generate background fluorescence. We
therefore advise to work as clean as possible without overdoing it. A good way
to confirm the cleanliness of the sample is to image non-transfected cells. These
should give a low or negligible SOFI signal compared to transfected cells.
4.4.2 MICROSCOPE SETUP
Although many different setups can be used for pcSOFI, we describe a home-
built wide-field setup routinely used for pcSOFI with Dronpa and/or rsTagRFP
as well as for PALM-type experiments using RSFPs or PCFPs. We describe the
setup as we follow the light path.
1. A 404-nm (100 mW, CUBE, Coherent, Santa Clara, CA, USA), 488-nm
(100 mW, Sapphire, Coherent) and 561-nm laser (200 mW, Sapphire,
Coherent) are combined using appropriate dichroic mirrors (e.g., a 455
long pass and 550 long pass (all filters and dichroics from Chroma,
Bellows Falls, VT, USA)) (see Note 1). The power of the 404-nm laser
is reduced using ND (neutral density) filters.
2. The linearly polarized laser light is circularized using a half-wave and a
quarter-wave plate (both Newport, Irvine, CA, USA) (see Note 2) before
passing two diaphragms spaced approximately 20 cm apart. These two
diaphragms help in aligning the laser lines perfectly on top of each other.
3. A 5× beam expander and two 2-in. mirrors guide the light to the
backport of an inverted microscope (IX83, Olympus, Hamburg, Germany)
equipped with appropriate dichroics, a high-NA objective, typically a
60× NA 1.35 objective (UPLSAPO 60XO, Olympus) for measurements in
epifluorescence mode or a 60×NA 1.49 TIRF objective (APON 60XOTIRF,
Olympus) and emission filters.
4. The light leaving the microscope is magnified another 2.5× before being
projected onto an EMCCD camera (ImagEM, Hamamatsu, Japan).
92 PCSOFI WITH SMART LABELS
4.4.3 SOFTWARE
We will describe the analysis using the Localizer software,133 which comes in a
number of different flavors. We will use the plug-in for Igor Pro (Wavemetrics,
Portland, OR, USA), a powerful visualization and analysis program. While
Igor Pro is a commercial program, a free 30-day trial version is available, and
should allow plenty of time to get a feel for SOFI imaging.
1. Igor Pro, available from http://www.wavemetrics.com.
2. The Localizer plug-in can be downloaded from https://bitbucket.
org/pdedecker/localizer, where installation instructions are also
provided.
4.5 METHODS
4.5.1 CELL CULTURE
1. Grow HeLa cells at 37 ◦C with 5 % CO2 in growth medium (see Note 3).
2. When the cells reach 80-90 % confluency, transfer 300,000 cells to a glass
bottom dish.
3. Transfect the cells with the method of choice immediately after the
cells have been plated. Our preferred method is the calcium phosphate
method156 with up to 5 µg of DNA for 100,000 cells.
4. Incubate the cells for 16-24 h, after which time the cells are nicely
fluorescent.
5. Wash the imaging dish containing the transfected cells three times with
HBSS preheated to 37 ◦C (see Note 4).
At this time, there are two options.
6. The live cells are imaged right away.
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7. The cells are fixed. Add 2 ml of fixation buffer to the cells and incubate at
37 ◦C for 30 min. Wash the sample three times with PBS of 4 ◦C. The cells
can now be stored in the fridge for later use (see Note 5).
4.5.2 IMAGE ACQUISITION
Acquisition parameters should always be optimized depending on the setup
and label used as described below.
1. Configure the camera to maximum acquisition speed, typically 30 ms.
While electron multiplication is not necessarily required for pcSOFI, it
can help in improving the signal-to-noise ratio, facilitating data analysis
and interpretation.
2. Find a representative cell using the lowest possible light intensity (see
Note 6).
3. Starting from the lowest light intensity, gradually increase the laser power
until you see a uniform blinking. The image should resemble the snowy
noise as seen on an analog television (see Note 7). This blinking should
be consistent for more than 500 frames. Find a good balance between
fluorescence intensity and bleaching rate (see Note 8).
4. Having found the optimal imaging conditions, find a representative
region of interest and focus using as little light as possible.
5. Start the camera and the laser illumination simultaneously. Acquire
between 200 and 2,000 frames. At first, we recommend to try recording
1,000 frames, which is more than is usually required.
4.5.3 DATA ANALYSIS
1. Download and install Igor Pro, available from http://www.wavemetrics.
com. The Localizer plug-in can be downloaded from https://bitbucket.
org/pdedecker/localizer, where installation instructions are also
provided.
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2. Load the data into the Localizer plug-in. This can take a few seconds
depending on the number of images.
3. In the SOFI tab, several options are available. Start with a second-order
cross-correlation analysis with 500-1,000 images. The software provides
other options such as the time lag, the type of analysis (auto- or cross-
correlation) and the order of the correlation analysis, whose parameters
can be modified in order to identify the analysis settings that give the
best obtainable image.
4. We recommend generating an average image using the “Also average
image” option. In this case the software returns two images. One is the
average image which is diffraction limited, the other is the high-resolution
pcSOFI image. Comparing the average image with the pcSOFI image
provides a qualitative idea of the resolution enhancement.
5. Perform a Richardson-Lucy deconvolution in order to utilize the full
potential of the SOFI analysis.
6. Use the functionalities of Igor Pro as a data analysis program to create an
image that suits your likes and needs.
4.5.4 A TYPICAL RESULT
A typical pcSOFI image of Dronpa-labeled human β-actin fibers in cultured
HeLa cells can be found in Fig. 4.6. Both the average image and the pcSOFI
image are displayed.
4.6 NOTES
1. To combine one laser line with another using a dichroic mirror, it is
instrumental to do so using at least two rotatable mirrors per laser. This
will greatly facilitate the alignment process, as one can now rotate and
move the laser line with great precision.
2. In an ideal case, one quarter-wave plate is added in front of each laser.
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Figure 4.6 – Typical pcSOFI image of Dronpa-labeled human β-actin fibers in cultured
HeLa cells. (a) Average image of 1,000 wide-field images. (b) Second order cross-
correlation SOFI-analyzed image. (c)-(f) Insets highlight background reduction, contrast
increase, and resolution enhancement due to the SOFI analysis
3. Do not add phenol red, as this is a source of background fluorescence
that can heavily interfere with the imaging.
4. Changing the growth medium for HBSS ensures that the cells are in
viable in atmospheric conditions. In case 5% CO2 incubation is applied at
the microscope, cells in HBSS will die; use for example DMEM instead.
5. Fixed cells provide some temporal flexibility for example when setups
are heavily booked and measurement days are limited. However, make
sure not to use cells fixed more than 2 weeks ago.
6. If your microscope is equipped with an additional fluorescence lamp, use
this. It will provide a bigger field of view and less intense light.
7. For examples of such flickering, see the movies in the Supplementary
Information of reference.80
8. If the fluorescence intensity decreases very fast due to fast offswitching,
applying very low doses of 405-nm light can be a good idea.
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In this manuscript, we report on how we devised an algorithm
that can estimate the relative performance of a fluorescent
label in SOFI. We tested several commonly used fluorescent
proteins as to their performance in pcSOFI using this metric.
My contributions have been the sample preparation and all
microscopy measurements. The concept of using jackknife
resampling and code that was used were initially introduced by
Wim Vandenberg. To this code, I added user interfacing, data
representation tools and algorithms to perform the calculations
on large sets of data. I wrote the larger part of the manuscript
as presented below.
We are at the moment performing additional calculations and
analyses, as described in the last part of this chapter.
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5.1 ABSTRACT
pcSOFI is a super-resolution fluorescence microscopy technique that makes
use of the flickering of fluorescent proteins to reconstruct from a series of
images a final image with a subdiffraction resolution. This is done by applying
a correlation analysis on the intensity fluctuations between pixels in an image
and the same pixel in time. In this work, we evaluate the performance of
several well-known photoswitchable and non-photoswitchable fluorescent
proteins in pcSOFI. Using an algorithm that is based on jackknife resampling
and Fourier ring averaging, we could score several fluorescent proteins relative
to each other. Our results indicate that the blue and cyan fluorescent proteins
show a very low performance, and several green fluorescent proteins perform
very well. Most notably, we found that the flickering of EGFP is well suited
for pcSOFI imaging. Recognizing the many EGFP-labeled constructs and
organisms that are available, our findings further increase the applicability of
pcSOFI in life science research.
5.2 INTRODUCTION
The diffraction of light has long limited light-based microscopy to a spatial
resolution of approximately 200 nm in the lateral directions. The recent
introduction of numerous types of super-resolution fluorescence microscopy,
however, has opened new opportunities for optical imaging with diffraction-
unlimited resolution in a way that is highly compatible with biological samples.
Choosing which fluorescent protein (FP) to use for a super-resolution imaging
experiment is a far from trivial task. Especially with genetically encoded
labels, the effort, cost and time that goes into generating samples can be
significant. This is certainly true for the generation of complicated vectors
or genomically labeled organisms. Hence, a direct and systematic comparison
of the performance of several FPs for a given super-resolution technique would
greatly benefit the field of super-resolution microscopy.157 Such effort has e.g.
been undertaken for the assessment of several organic dyes in photoactivated
localization microscopy (PALM) imaging.158
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Stochastical optical fluctuation imaging (SOFI)78 is a super-resolution fluores-
cence microscopy technique that makes use of the flickering of fluorescent
labels (such as quantum dots, organic dyes79 or fluorescent proteins80) to
increase the resolution of the images obtained. This techniques is easy and
robust and can be extended to 3D imaging. Photochromic stochastic optical
fluctuation imaging (pcSOFI), the variant of SOFI that relies on the stochastic
flickering of FPs to calculate super-resolved images, is particularly attractive
for biological imaging. FPs can be genetically fused to any protein of choice
and no external fluorophores or cofactors have to be administered. Combined
with the ease of use, robustness and performance of SOFI, pcSOFI provides an
ideal super-resolution fluorescence imaging technique for the life sciences.
Dronpa24 is the protein most commonly used in pcSOFI, since excitation with
488 nm light switches the protein both off and on, resulting in a sustained
flickering that is ideal for SOFI analysis. However, many fluorescent proteins,
including non-photoactivatable fluorescent proteins (PAFPs), show some kind
of blinking that cannot be used for e.g. PALM, but might work well in
pcSOFI.99, 159, 160
In this work, we selected a range of commonly used fluorescent proteins
spanning the entire visible range, and probed their relative performance
in pcSOFI imaging. We then used a novel algorithm that, using jackknife
resampling and Fourier ring averaging, provides a performance estimate for the
pcSOFI measurement. The results indicate that the blinking shown by several
well-known and widely used fluorophores is sufficient to provide images with a
resolution at least as good as what is published with reversibly photoswitchable
fluorescent proteins (RSFPs). However, our performance estimate also indicates
that in order to utilize the full potential of pcSOFI, a relatively large number of
frames (typically > 500 for second order pcSOFI) has to be analyzed.
5.3 METHODS
SAMPLE PREPARATION We selected a set of 16 commonly used fluorescent
proteins spanning the entire visible region. Key photophysical properties of
these probes, such as excitation and emission wavelengths and molecular
brightness are given in Table 5.1. rsGreen0.7 is a mutant of the reversibly
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Table 5.1 – Key spectroscopic properties of all fluorescent proteins used in this work
Label λex λem ε QY brightness R§
(nm) (nm) (mM−1 cm−1) (nm)
mTagBFP2161 402 457 52 0.63 0.97 192
SECFP162 433 475 32.5 0.40 0.39 200
mCerulean163 433 475 43 0.62 0.79 200
mTurquoise261 434 474 30 0.93 0.83 199
rsGreen0.7† 487 511 48 0.40 0.57 215
EGFP 488 507 56 0.60 1.00 213
Dendra2‡40 490 507 45 0.50 0.67 213
Dronpa† 503 517 95 0.76 2.14 217
mNeonGreen47 506 517 116 0.80 2.76 217
mEos3.2‡39 507 516 63.4 0.84 1.59 217
EYFP 513 527 83.4 0.61 1.51 222
mOrange2164 549 565 58 0.60 1.04 238
mKO2165 551 565 63.8 0.57 1.08 238
rsTagRFP†25 567 585 36.8 0.11 0.12 246
mStrawberry53 574 596 90 0.29 0.78 251
mCherry 587 610 72 0.22 0.47 257
Brightness is expressed relative to EGFP. †RSFP. ‡PCFP. §R is the Rayleigh resolution
criterion, provided a numerical aperture of 1.45.
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photoswitchable EGFP variant rsEGFP134 that matures better at 37 ◦C (Sam
Duwé, unpublished data). Each member of the set of 16 FPs was fused
to the membrane targeting domain of Lyn kinase, which targets them
towards sphingolipid- and cholesterol-enriched microdomains of the plasma
membrane.166 This was done using the Lyn-Dronpa vector of Dedecker et
al.80 in which the coding sequence for Dronpa was replaced with the DNA
sequence of the different FPs by restriction cloning with BamHI and EcoRI. The
purified DNA was transfected into HeLa cells using the calcium phosphate
transfection method.167 The cells were grown in DMEM supplemented with
10% FBS, glutamax and gentamicin (all Gibco) on glass-bottom dishes (MatTek).
24 h to 40 h after transfection, the cells were washed three times with HBSS and
then imaged.
MICROSCOPY For pcSOFI, two different wide-field microscope setups were
used. For measurements with 405 nm, 488 nm and 561 nm excitation, we
used an Olympus IX83 microscope equipped with a 100 mW 405 nm, a
150 mW 488 nm and a 150 mW 561 nm cell* laser (Olympus) coupled into
the microscope via a cellˆtirf module (Olympus). The light was directed into
the microscope via manufacturer-installed filters and a UAPON150×OTIRF
objective (all Olympus). The camera was a Hamamatsu ImageEM X2 EMCCD
camera. For measurements with 445 nm, 514 nm and 532 nm excitation, a
home-built microscope was used. The excitation path consisted of a 40 mW
Coherent Cube 445 nm laser, a Coherent Sapphire 100 mW 514 nm laser and a
LaserQuantum GEM 150 mW 532 nm laser combined into a single beam using
a Z440bcm dichroic mirror. This beam was then directed through a lambda/2
and a lambda/4 waveplate and a beam expander. In front of the backport
of the microscope (Olympus IX83) was a focal lens that focuses the beam
onto the back focal plane of an APON60×OTIRF objective (Olympus). The
light reaches the sample via a ZT405-440/514/561rpc (445 nm and 514 nm) or
ZT488/532rpc (532 nm) dichroic mirror. The emission light passes through
a 480/40BP (445 nm), 530LP (514 nm) or 550LP (532 nm) emission filter (all
Chroma) and was, via a 2.5× projection lens, projected onto an EMCCD camera
(ImageEM, Hamamatsu). Both setups resulted in a pixel size of 107 nm.
First, for any given label, several cells were measured, changing laser intensity,
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EM gain and exposure time as we previously described.168 We adjusted
these parameters, looking for consistent flickering, meaning that the signal
fluctuations were clearly different from imaging noise. This flickering did not
fade during the acquisition and was uniform over the labeled structure. We
also used the lowest excitation powers to achieve such flickering behavior,
thus reducing photobleaching as much as possible. Movie examples of such
consistent flickering were published before.80, 168 Then, for any given label,
these settings (Table 5.2) were used to record between 9 and 20 cells per label.
RESOLUTION ASSESSMENT To estimate the quality of the SOFI images, we
relied on a resampling technique called jackknife resampling.169 The idea
underlying resampling approaches is relatively straightforward: since the
calculation of the desired statistic (such as mean, variance or SOFI cumulant)
typically involves datasets of hundreds or more datapoints, we can construct
a large number of different but closely related datasets simply by leaving out
data points. In jackknife resampling, multiple datasets are generated, in which
one measurement point has been left out. We can now run the analysis for
the different datasets, yielding a result that is similar but not identical to the
value obtained on the full dataset. The spread of all these calculated results
effectively indicates how robust the calculated statistic is with respect to the
input data. In other words, since a statistic with low uncertainty is not changed
much by leaving out a single data point, this spread indicates the uncertainty
of the analysis result. A conceptual overview of the method we used is given
in Figure 5.1.
In a first implementation of jackknife resampling, we calculated the signal-to-
noise ratio (SNR) associated with every pixel of a pcSOFI image. The original
data set was a SOFI movie consisting of N frames (Figure 5.1A). From this
original data set, N different, resampled data sets with N − 1 images were
constructed, by leaving out a different frame in each stack (Figure 5.1B). A
SOFI image was then calculated from the original data set as well as from
each of the N resampled sets. S(r) is the SOFI signal of pixel r in the original
image and Si(r) is the SOFI signal for pixel r calculated by leaving out the ith
frame in the original image stack. An overall jackknife estimation S¯jack(r) is
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Table 5.2 – Microscope settings for the acquisition of all images in this work
Label λex/act SPDex/act EM gain exposure time
(nm) (kW/cm2) (ms)
mTagBFP2 405 0.44 300 30
SECFP 445 5.75 300 30
mCerulean 445 5.75 300 30
mTurquoise2 445 5.75 610 30
rsGreen0.7 488 2.65 300 30
EGFP 488 1.41 300 30
Dendra2 488 2.65 300 30
Dronpa 488 2.65 300 30
mNeonGreen 488 1.41 300 30
mEos3.2 488/405 2.65/0.0027 800 30
EYFP 514 0.44 150 30
mOrange2 532 0.53 300 30
mKO2 532 0.53 300 30
rsTagRFP 561/405 23.2/0.0027 100 30
mStrawberry 561 5.57 300 30
mCherry 561 8.49 100 30
λex/act is the wavelength of the excitation laser/activation light. SPDex/act is the surface
power density of the excitation/activation light that reaches the sample when aligned in
epi illumination, divided by the illuminated area in epi illumination. After measuring
the surface power density, the excitation alignment was modified to reach total internal
reflection fluorescence (TIRF) illumination.
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then calculated by averaging all the resampled SOFI images:
S¯jack(r) =
1
N
N
∑
i=1
Si(r). (5.1)
According to the jackknife theory, the jackknife estimation of the standard
deviation of the SOFI signal can then be calculated from
Sdev (S(r)) =
√√√√N − 1
N
N
∑
i=1
(
Si(r)− S¯jack(r)
)2
. (5.2)
In other words, Formula 5.2 shows that the standard deviation of every pixel in
the N resampled SOFI images multiplied with
√
N − 1 results in an estimate of
the standard deviation of the non-resampled SOFI data. This standard deviation
essentially is the noise underlying the SOFI signal. Then, by dividing the SOFI
signal by the standard deviation of the SOFI signal, an estimate of the SNR of
the SOFI image is obtained (Figure 5.1C).170
We then extended this framework to the estimation of the spatial information
content of a particular SOFI image, making use of Fourier analysis. A Fourier
analysis transforms an image from “real space”, in which the x and y axis
denote physical distance, to “Fourier space”, in which the axes denote the
spatial frequencies from which the image is built up. As such, low-frequency
contributions to the original image (i.e. features that are large) are centered
around the origin, while contributions with high frequency (describing the fine
structures) are further away from the origin.
The SNR of a spatial frequency in an image reflects how well this spatial
frequency is defined, in other words how informative this spatial frequency is.
Since the optical transfer function (otf) decreases for higher spatial frequencies,
this SNR also decreases with increasing spatial frequency, and the frequency
at which the signal can no longer reliably be distinguished from the noise is a
measure for the quality of a pcSOFI experiment. A similar rationale has been
used to score electron microscopy and recently also PALM images using a
related technique known as Fourier ring correlation.171–173 These techniques
rely on Fourier transformed images to calculate a resolution criterion by
correlating independent data sets rather than calculating an SNR.
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Figure 5.2 – Representative pcSOFI images of the blue and cyan labels used in this
study. Shown are HeLa cells transfected with the respective fluorescent protein targeted
to sphingolipid- and cholesterol-enriched domains on the plasma membrane. Every
pcSOFI image is calculated from 1000 frames using a second order SOFI calculation and
has been frequency filtered. The average of these 1000 frames is also shown.
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Figure 5.3 – Representative pcSOFI images of the green labels used in this study.
Shown are HeLa cells transfected with the respective fluorescent protein targeted
to sphingolipid- and cholesterol-enriched domains on the plasma membrane. Every
pcSOFI image is calculated from 1000 frames using a second order SOFI calculation and
has been frequency filtered. The average of these 1000 frames is also shown.
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Figure 5.4 – Representative pcSOFI images of the yellow, orange and red labels
used in this study. Shown are HeLa cells transfected with the respective fluorescent
protein targeted to sphingolipid- and cholesterol-enriched domains on the plasma
membrane. Every pcSOFI image is calculated from 1000 frames using a second order
SOFI calculation and has been frequency filtered. The average of these 1000 frames is
also shown.
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As schematically depicted in Figure 5.1D, we first calculated the Fourier-
transformed SOFI image as well as the Fourier transforms of the resampled
SOFI images. We used the absolute value of the real component of these
Fourier transforms and applied the same algorithm as for the real-space SNR
to construct an SNR plot of the Fourier transformed SOFI image (Figure 5.1D).
We then averaged the SNR values on rings around the origin and plotted these
average SNR values against the average spatial frequency of that ring. However,
due to fact that the real component of the Fourier transform is sampled from
a distribution, which can be positive and negative, using the average of the
absolute value introduces artifacts. We corrected for this effect by using a
correction function that relies on unfolding of normal distributions. Such an
unfolding procedure basically estimates how a distribution is skewed by taking
the absolute value of this distribution and corrects for this accordingly.
To determine the SNR cutoff below which the spatial frequencies do not
contain information, we had to rely on a set of simulations. Several sets of
two independent SOFI image stacks derived from a given virtual structure,
with emitters at the same positions in both movies, were calculated. From
the images reconstructed from the two image stacks, we performed a Fourier
ring correlation as described in literature.173 We then also calculated the SNR
associated with each of the spatial frequencies in each of the image stacks as
we describe here. Then, the cross-correlation was plotted against the SNR of
the corresponding spatial frequencies. The cross-correlation value of 0.147 that
was determined by Nieuwenhuizen et al.173 corresponded to an SNR of 1.5
for all of the simulated structures. Below this value, the SNR is so low that
the information is essentially useless because of statistical noise and hence the
spatial frequency at this value is a performance estimate, which we call the
jackknife performance estimate.
Having this performance estimate at hand, the original SOFI image can be
filtered with a smooth transition low-pass filter.172 This removes frequencies at
which there is no statistical convergence. Not only does this lead to visually
more appealing images, but this filter also removes noise artifacts from the
data, which could erroneously be interpreted as features.
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Figure 5.5 – Measured jackknife performance estimate for 9-20 measurements per label
and 1000 frames taken into account.
BLEACHING CONTRIBUTION Photobleaching is an inherently highly cor-
related event, causing false SOFI signal, which however does not add to
resolution improvement. We measured the contribution of photobleaching
in the SOFI signal by measuring for 40 pixels the cross-correlation with
a neighboring pixel with increasing time-lags. The cross-correlation was
normalized to 100% at time-lag zero and the decay was then fitted with an
exponential function. Since photobleaching results in cross-correlation among
neighboring pixels even at long time-lags, the offset is the relative contribution
of photobleaching to the SOFI signal.
5.4 RESULTS
For every cell, we calculated the jackknife performance estimate with 1000
frames (Figure 5.5). We can clearly see that the blue and cyan labels are all
unsuited for pcSOFI. In fact, the jackknife performance estimate suggests
a resolution that is worse than the theoretical Rayleigh criterion for spatial
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Figure 5.6 – Plot of the jackknife performance estimate for different numbers of frames.
Note the different axis range for mCerulean and mTurquoise2.
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Figure 5.7 – Plot of the jackknife performance estimate for different numbers of frames.
Note the different axis range for mOrange2 and rsTagRFP.
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resolution and the resulting images lack structural features (representative
images are given in Figure 5.2, Figure 5.3 and Figure 5.4). The labels in the
green range perform well, but Dendra2 performs worse than the others. The
yellow, orange and red labels perform on average not as good as the green
ones, with mStrawberry performing slightly better than the rest.
Next, we evaluated for several labels how the jackknife performance estimate
changes with increasing number of images taken into consideration of the
calculation. We selected for every label the measurement with the median
jackknife performance estimate and plotted how the performance changes
with increasing number of frames taken into consideration (Figure 5.6 and
Figure 5.7). In these graphs, we can see that the measurements in cells that were
transfected with well-performing labels reach a plateau value between 500 and
1000 frames. From 1000 frames onward, taking more frames into consideration
does no longer have a large effect on the performance.
We noticed that some of the labels photobleach relatively fast during
the measurement. We therefore also calculated for every experiment the
contribution of photobleaching to the SOFI signal (Figure 5.8). For some of the
labels, the effect of photobleaching contributes up to 15% to the SOFI signal
while for others, especially the RSFPs, the bleaching contribution is negligible.
5.5 DISCUSSION
In this work, we have introduced a method for estimating the performance
of a SOFI experiment. Determining the uncertainty or error associated
with a statistical analysis is a well-established problem. We relied on the
jackknife resampling technique and Fourier ring analysis to estimate the SNR
associated with the spatial frequencies. Hence we could define a performance
estimate which we call the jackknife performance estimate. Although we only
demonstrated this technique for second order pcSOFI here, our method is
applicable to higher order SOFI and all other imaging techniques that build a
composite image from multiple image acquisitions as well. Moreover, it can be
readily extended to quantify the reliability of any other parameter or analysis
outcome derived from the super-resolved images.
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Figure 5.8 – The contribution of bleaching to the pcSOFI signal.
With this method at hand, we assessed the relative performance of 16 mostly
well-known and widely used FPs in pcSOFI. We noticed that, for any given
label, the obtained values are rather broadly distributed. This distribution
can have its origin in instrumental variations. For instance, focus variation or
drift, slightly imperfect system alignment, inhomogeneous TIRF illumination,
lateral drift etc. all might have an influence on the quality of the data. Although
we tried to avoid this, e.g. by measuring all data for a given label within a
few hours and checking for drift in the data afterwards, we cannot rule out
all instrumental variation. Part of the distribution is also due to biological
variability such as expression levels, sample movement during acquisition,
amount of structure in the sample etc. We also minimized these effects by
performing all sample preparation exactly as described in the Methods section,
and rejecting data sets in which the cells showed aberrant morphology or
expression pattern or moved during the acquisition. Taking this into account,
the variation that can be seen in Figure 5.5 is related to the reliability of the
labels for pcSOFI, with the better-performing labels showing lower variability.
The jackknife performance estimate for SOFI with mTagBFP2, SECFP, mCerulean
and mTurquoise2 is on the one hand broadly distributed and on the other
hand markedly worse than experiments with the green to red FPs. In case of
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the cyan proteins, this might be due to the tryptophan in the chromophore.
Reversible photoswitching in FPs is due to cis-trans isomerization of the
chromophore, as well as protonation/deprotonation of the hydroxyphenyl
group of the chromophore.174 Since the tryptophan-based chromophores
of cyan FPs lack the ability to undergo such isomerization, and have no
exchangeable proton that is analogous to tyrosine-based chromophores,
they have significantly different switching/blinking/flickering mechanisms.
mTagBFP2 has a chromophore that lacks the methylene bridge observed
in all other chromophores.175 Hence, the side chain of the chromophore’s
tyrosine does not participate in the conjugation and is thus not part of the
chromophore. Seeing the importance of the chromophore’s hydroxyphenyl
moiety for switching/blinking/flickering, we attribute the bad performance of
the cyan FPs and mTagBFP2 to these structural features.
Interestingly, our data show that some of the widely used FPs, most notably
EGFP, perform well in pcSOFI. EGFP is one of the most widespread FPs with
many constructs and genomically modified organisms available to the research
community. Although not considered an RSFP, GFP has long been known
to display on/off blinking and switching behavior.159, 176 Our observation
that EGFP is an excellent probe for pcSOFI means that these constructs and
organisms can directly be visualized in super-resolution using pcSOFI.
Every fluorescence microscopy technique is inherently limited by the pho-
tobleaching of the fluorescent labels. This is especially so when fluorescent
proteins are used, since these are on average less photostable than organic
dyes and quantum dots. We noticed that for pcSOFI, the contribution of
photobleaching to the SOFI signal using RSFPs (rsGreen0.7, Dronpa and
rsTagRFP) is (almost) zero. Indeed, as was shown before for Dronpa,80, 168
after an initial fast decrease of fluorescence, a sustained and relatively stable
blinking signal is obtained. This is due to contributions of the excitation light
to both off- and on-switching, though with different efficiencies. We foresee
that still more reliable and higher-order pcSOFI will be obtained either though
the development of FPs that show consistent flickering (i.e. without excessive
photobleaching) at the common excitation wavelengths and/or through the
correction of photobleaching of the SOFI input image stacks.
We note that our approach in effect only estimates the precision of the calculated
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result, but cannot detect any fundamental bias in the calculation, which can
only be detected via correlation with another technique. This is, however, true
for most super-resolution fluorescence microscopy techniques. In previous
work,28 we constructed pcDronpa2, a green-to-red photoconvertible variant of
Dronpa. Thanks to its efficient green-to-red photoconversion, this probe can
be used in PALM imaging, while the photochromism in the green state makes
this probe amenable for pcSOFI as well. Hence, such FP is ideally situated
for multimodal super-resolution fluorescence microscopy, providing cross-
validation of the data. In this work, we found that Dendra2 and mEos3.2, both
widely used green-to-red photoconvertible probes for PALM imaging, perform
reasonably well in pcSOFI. These labels thus provide interesting opportunities
for multimodal super-resolution fluorescence microscopy as well. Although
the performance of the red forms of mEos3.2 and Dendra2 have not yet been
investigated, pulse-chase SOFI with these photoconvertible fluorescent proteins
(PCFPs) might also be within reach. Similarly, rsGreen0.7 is an improved form
of rsEGFP, which was developed as an ideal probe for reversible saturable
optical fluorescence transitions (RESOLFT) imaging.134 Hence rsGreen0.7 is
an interesting target for multimodal imaging whereby SOFI can confirm the
accuracy of RESOLFT data and vice versa.
5.6 FUTURE WORK
The work that is described above opens interesting opportunities and new
challenges for the future. In this last section, we introduce some of the work that
remains to be done and add preliminary results that have yet to be confirmed
and integrated in the manuscript as presented above.
First, the jackknife methodology provides us with a relative estimate of the
performance of label in pcSOFI. Using simulated data, we will try to link this
relative measure to a quantitative measure of the resolution improvement. We
are at the moment evaluating our methodology for first order SOFI, which
is essentially the average of the recorded image stack. This seems trivial, but
could provide a measure for the effective non-super-resolved resolution that
is obtained before the SOFI algorithm is executed. This would allow us to
assess the resolution improvement that the SOFI algorithm provides, rather
118 FLUORESCENT PROTEINS FOR SOFI
than comparing the jackknife performance estimate to the theoretical resolution
criterion. Also, higher order SOFI measurements will be tested with several
FPs and the jackknife performance estimate determined. The most important
constraint at this moment is the computational cost.
We are also performing calculations to correct for photobleaching in the SOFI
input image stacks, in order to reduce the contribution of bleaching to the SOFI
signal. We find that the jackknife performance estimate is consistently worse
after bleaching correction, which might reflect the removal of false signal that
arose due to bleaching. The data is, however, not yet conclusive and more
calculations and analysis are needed.
Another point of concern that is part of our future work, concerns the apparent
image quality that is sometimes not reflected in the jackknife performance
estimate. As can be seen in Figure 5.7 for mEos3.2, EYFP and mCherry, even
at 50-100 frames, the jackknife performance estimate suggests diffraction-
unlimited data. The images that are obtained with 50-100 frames, however,
suggest the contrary. We suspect that these aberrant values have their origin
in parts of the image that contribute heavily to the obtained resolution, but
not necessarily reflect the whole image. More data analysis will be needed to
confirm this hypothesis and to come op with a solution for this problem.
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CHAPTER6
CONCLUSION AND PERSPECTIVES
In this dissertation, I have presented several tools that can be used to study
biological systems at high resolution. First, I designed phototransformable
fluorescent proteins (FPs) that can be used in diffraction-unlimited fluorescence
imaging. Such labels have been around for several years now, but my additions
have opened some interesting doors towards functional, multi-color and
multimodal superresolution imaging. This was done by introducing reversible
photoswitching in the green-to-red photoconvertible Dendra2, resulting in
NijiFP (Chapter 2) and by introducing green-to-red photoconversion in the
reversibly photoswitchable FP Dronpa, resulting in pcDronpa2 (Chapter 3).
These proteins were studied in depth and a complete set of biophysical and
spectroscopic parameters was measured and reported.
Next to the applicability of these probes, this work has also revealed
fundamental insights into the working mechanism of phototransformation. We
used a combination of biochemical, spectroscopic and structural techniques
to learn more about the mechanistics of photoswitching and photoconversion
and derived from that rational mutagenesis strategies.
PHOTOSWITCHING Although the body of knowledge on photoswitching is
large and growing,129, 174, 177 there are still gaps. I briefly summarize them in
three groups of questions.
1. What determines whether a chromophore can undergo cis-trans isomer-
ization? What are the energy levels associated with both cis and trans
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state and how do the energy profiles of the transitions look like?
2. What is the protonation state of the chromophore in any given state?
Which hydrogen bonds are important and what are their strengths?
Which residues have an influence on the protonation state?
3. What is the role of flexibility? It was shown that β-barrel flexibility is
higher in the dark state, but what is the effect of more or less flexibility
on photoswitching? How is this flexibility influenced by the amino acid
composition and quaternary structure?
A significant amount of research is still needed to come up with a complete
understanding. We have taken action to address some of the questions above.
For instance, a collaboration is ongoing in order to probe the flexibility of
reversibly photoswitchable FPs using computational methods and relate
this flexibility to the photoswitching properties. In another project, we
(semi-)rationally and randomly make a family of mutants differing only in
a few residues, but showing markedly different spectroscopic behavior. After
resolving their crystal structures, we will relate structural features to specific
spectroscopic features. We will then identify novel relations between sequence,
three-dimensional structure and spectroscopy that have both explanatory as
well as predictive value.
PHOTOCONVERSION Green-to-red photoconversion is as poorly understood
as photoswitching. Several publication have formulated different mechanisms
for the β-elimination reaction, based on biochemical assays to quantum
mechanical calculation.30–34, 36, 93 Although consensus is being reached that
the mechanism is an E1 elimination reaction, the details are still debated.
We could make an effective green-to-red photoconvertible fluorescent protein
from the non-convertible FP Dronpa by meeting just two conditions: a histidine
at the third position of the chromophore and a tetrameric organization. There
are two interesting things to notice here. First of all, a careful positioning of
the residues involved in photoconversion seemed not to be essential at first
sight. However, seeing the intricacies of the process and the several residues
involved, this is peculiar. It is certainly possible that in our case, the residues
were by chance in an appropriate position for effective photoconversion. In
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other words, our experience with pcDronpa2 is just one example, the results of
which can not necessarily be generalized to other proteins as well. The other
noteworthy feature is the apparent dependence on a tetrameric organization. In
contrast to the previous point, our observation is not an isolated case. Almost all
green-to red photoconvertible fluorescent proteins are tetrameric or have been
engineered to lose their tetrameric nature.39, 40, 42, 43, 103 Again, understanding
the consequences of tetramerization on the fine structure and dynamics of the
FPs and how this relates to photoconversion will probably be crucial for the
intelligent design of more and better performing photoconvertible fluorescent
proteins.
FLUORESCENT PROTEINS IN SUPER-RESOLUTION MICROSCOPY I have also
described how phototransformable fluorescent proteins can be used in super-
resolution microscopy. To test the performance of NijiFP and pcDronpa2, I used
photoactivated localization microscopy (PALM) imaging. PALM promises
a single molecule localization precision of down to 10 nm, although this is
hardly ever reached with fluorescent proteins—20 nm to 30 nm is more a
typical value. Also, the very nature of PALM relies on recording multiple
frames, directly affecting the time resolution: it usually takes about one minute
or more to record an image sequence that can be processed to make one
diffraction-unlimited image. This renders PALM intrinsically unsuited for
imaging biological processes in real-time.
Since, as said, the limited time resolution is inherent to the technique of PALM,
this is a problem that cannot be solved by optimizing the labels that are used.
However, since the accuracy with which a single emitter can be localized
directly depends on the number of photons that can be detected from that
emitter, two actions can be taken. Either the microscope’s hardware is to be
improved in order to achieve a higher detection efficiency, or the labels should
be improved so that more photons are emitted.
So how can FPs be modified to emit more photons? The answer is brightness
and photostability. While brightness is well defined and is easily screened for,
photostability is much more difficult to quantify. As the exact mechanism(s)
of photobleaching of FPs are unknown, it is so far impossible to provide a
quantitative description of photobleaching that has both a physical meaning
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(and is thus more than a practical and/or empirical observation) and can
be used to compare multiple settings and labels. This is at least partially
because photobleaching involves multiple, non-linear spectroscopic processes.
For instance, the photofatigue of reversibly photoswitchable fluorescent
proteins is a quantity that is often reported in relation to bleaching of
reversibly photoswitchable fluorescent proteins (RSFPs). The irradiation
intensity, switching speed, protein stability etc. are all known have an influence
on photofatigue and can lead to results that are hard to interpret. Because of
this, any measure of photobleaching (such as photofatigue) are best compared
side by side with a well-known FP such as EGFP or Dronpa, preferably in a
relevant setting under relevant imaging conditions. A better understanding
of photobleaching of fluorescent proteins on a structural and spectroscopic
level will result in more rational approaches towards engineering fluorescent
proteins with higher photostability.
A second technique that I used is photochromic stochastic optical fluctuation
imaging (pcSOFI). This technique, although being not nearly as powerful as
PALM in terms of spatial resolution, alleviates some of the problems that
are associated with the latter technique. For instance, compared to PALM,
the hardware requirements, sample preparation and data analysis are less
demanding.154 Another advantage of pcSOFI is the higher time resolution,
which can be brought down to several seconds. And maybe most importantly,
requirements such as label density, emitter density or point spread function are
relatively limited, making pcSOFI a very robust and easily-accessible technique.
In this dissertation, I discovered another big advantage of pcSOFI. In Chapter 5,
I showed that some widely used FPs, most notably EGFP, have an excellent
performance in pcSOFI. That is indeed surprising, since EGFP is often
considered to be a non-smart label. I hope that this observation opens up
doors for researchers that want to do robust superresolution imaging, but do
not want to spend all the efforts and resources in re-designing their biological
constructs, be it cells or organisms.
A BRIGHT FUTURE FOR FLUORESCENT PROTEINS The fluorescent protein
community has gone a long way since the discovery of fluorescent proteins in
the sixties. Nowadays, a wide range of labels is available, but hand-in-hand
CONCLUSION AND PERSPECTIVES 123
with the technical evolutions of optical systems, there is plenty more room
for improvement. I believe that two considerations will be important for the
future.
Rigorous and in-depth analysis Looking back at where the field is coming
from and the large expansion it has seen, I believe that further rigorous
characterization of the properties of FPs will prove pivotal. Several
properties are still not easily accessible (for instance a quantification of
photobleaching or an accurate measure of the photoconversion quantum
yield) and should find their way to proper quantification. In parallel, a
systematic approach to relate structural, biochemical and spectroscopic
properties will further stimulate rational design schemes. This will have
a lasting impact on the field of FPs and additionally serve as an example
for other fields of structural biology as well.
Innovation and outreach The power of and interest in fluorescent proteins
exists merely by the grace of the research they are crucial for. Therefor,
the most novel fluorescent proteins and FP-based tools will be developed
by reaching out and interacting with those fields that can directly benefit
from new, improved and/or tailored imaging tools.
In this dissertation, I have solely focused on photophysically smart labels.
However, it is my strong believe that much more can still be expected from
fluorescent protein-based sensors, also called chemically smart labels. FRET-
based and intensiometric sensors for ions, small molecules, proteins and protein
modifications are already commonplace, and more innovative concepts are
continuously being developed. As formulated in the second consideration
above, close two-way interaction with the end-users of these tools will be
necessary to not only keep track, but also build those tracks. That way, we can
foresee great things glowing at the horizon.

EPILOGUE
Rational design of proteins—not only fluorescent proteins—has been a dream
of biochemistry, bio-engineering and the pharmacological sciences. The naturally
occurring proteins (be it enzymes or not) are so beautifully intricate and complex
and of such high specificity and efficiency at the same time, that a truly complete
understanding of even a single enzyme would revolutionize the afore-mentioned fields
beyond compare. However, we are not nearly there. Observing the inner working of
proteins at sub-nanometre length-scales and picosecond time-scales is at the moment
hardly within reach and probably will be for several years to come.
Nevertheless, many models that adequately describe the structure and behavior of
proteins have been proposed and validated. However, there is a big difference between a
phenomenological description on the one hand and comprehensive understanding on
the other hand. The problem is analogous to brain research. The neuron is relatively
well described and the basic features are described. But even the smallest of nervous
systems is of a complexity that leaves us stupefied and small.
How can we, after decades of research, spending billions of euros, still be that far away
from really understanding? My hunch: evolution. Billions of years of trial and error
have created complexities that might not be within direct reach for our humble human
minds. What we think are features, might be remnants of an evolutionary past; what we
think is meaningless, might hold the clue to property or function. And this is exactly
why any metaphor comparing any part of biology to a man-made object or concept is
no more than that: a metaphor; structuring our reasoning, deluding us anyhow.
A true understanding is somewhere there, out of the box.
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APPENDIXA
SUPPLEMENTAL INFORMATION ON
RATIONAL DESIGN OF
PHOTOCONVERTIBLE AND
BIPHOTOCHROMIC FLUORESCENT
PROTEINS FOR ADVANCED
MICROSCOPY APPLICATIONS
A.1 EXPERIMENTAL PROCEDURES
A.1.1 PHOTOCONVERSION AND PHOTOSWITCHING MEASUREMENTS
For measuring green-to-red photoconversion, green protein solutions were
irradiated during ∼25 min with a 405-nm laser light (CUBE, Coherent, Santa
Clara, California, USA) at a measured power density of 72.5 mW cm−2 on the
sample. Increasing irradiation periods (20 times 5 s, 20 times 15 s, 20 times
30 second and 5 times 120 s) were interleaved by the measurement of an
absorption spectrum (38 ms acquisition time).
For reversible photoswitchings of green forms, the proteins were switched off
by illuminating the samples with a 488-nm laser light (163 Series Argon-ion,
Spectra-Physics, Irvine, California, USA) during 5 min at a measured power
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density of 37.5 mW cm−2 on the sample. Back-switching to the on state was
achieved by irradiating the sample with a 405-nm laser light (CUBE, Coherent)
during 5 min at a measured power density of 2.2 mW cm−2 on the sample.
For the red forms, the same protocol of reversible photoswitching was used but
the on-off switching was either performed at 561 nm or 532 nm, depending on
the absorption maximum of the protein. Proteins that were switched off with a
532-nm laser light (Excelsior 532-200-C1, Spectra-Physics), were illuminated at a
measured power density of 40 mW cm−2 while proteins that were switched off
with a 561-nm laser light (Excelsior 561C-75, Spectra-Physics) were illuminated
at a measured power density of 26.2 mW cm−2. Proteins were backswitched to
their bright state by irradiation at 440-nm laser light (Excelsior 440C-40, Spectra-
Physics) at a measured power density of ∼1.5 mW cm−2 on the sample.
For both green and red on- and off-switching, constant irradiation periods
of 6 s were interleaved with the acquisition of an absorption spectrum with
the minimal lamp exposure (38 ms) leading to the 50 spectra during the off-
switching and 50 spectra during the on-switching. Kinetics of both green or
red reversible photoswitchings and green-to-red photoconversions were fitted
with a stretched exponential function,
y = A1 exp(−(τ/t)β) + A0.
Average phototransition times 〈τ〉 were determined according to the Grad-
shteyn and Rhyzhik integral
〈τ〉 = τ
β
Γ
(
1
β
)
where Γ represents the gamma function and β the stretching parameter.
A.1.2 ANALYTICAL ULTRACENTRIFUGATION
Analytical ultracentrifugation measurements were performed as previously
described.109 Briefly, we used the ProteomeLab XL-A ultracentrifuge (Beckman
Coulter, Fullerton, California, USA) for the analytical equivalent centrifugation.
The concentration of the sample was adjusted to an optical density of 0.5 in a
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1-cm cuvette at the wavelength of maximum absorbance before centrifugation
at 42 × 103g for 22 h. The absorbance profile at the maximum excitation
wavelength was monitored and fitted with a self-association model178 in which
the protein either associates as a dimer:
Ctotal(r) = Cm(r0) · e
ω2
2RT M(1−υ¯ρ)(r2−r20)
+ K′12[Cm(r0)]
2 · e ω
2
2RT 2M(1−υ¯ρ)(r2−r20)
or associates as a dimer and a tetramer:
Ctotal(r) = Cm(r0) · e
ω2
2RT M(1−υ¯ρ)(r2−r20)
+ K′12[Cm(r0)]
2 · e ω
2
2RT 2M(1−υ¯ρ)(r2−r20)
+ K′14[Cm(r0)]
4 · e ω
2
2RT 4M(1−υ¯ρ)(r2−r20)
K′12 and K
′
14 are the association coefficients for dimerization and tetramerization
in weight concentration, respectively, Ctotal(r) is the weight concentration of
protein at position r, Cm(r0) is the concentration of monomeric protein at
the meniscus, ω is the angular velocity, r0 is the radius at the meniscus, R
is the universal gas constant, T is the thermodynamic temperature, M is the
molecular weight of protein, υ¯ is the partial specific volume and ρ is the density
of solvent.
A.1.3 MOLECULAR DYNAMICS
The pKa of titrable residues was calculated with a recent release of the H++
web server122 that includes the REDUCE program179 to predict the most likely
histidine tautomers (courtesy of Alexei Onufriev; http://biophysics.cs.vt.
edu). We included either the anionic or the neutral chromophore in the models,
by using atomic charges from the OPLS-AA force field.180 Dielectric constants
of 6 and 80 were used inside the protein and the solvent, respectively, for the
calculation of electrostatic interactions. The Poisson-Boltzmann equation was
used to calculate the desolvation penalty. The screening effects of the salt were
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included, considering a concentration of 0.15 M. All residues were determined
to have their expected protonation in the range of pH under consideration. We
can notice that Glu212 displayed negative pKa values and that His194 was
unambiguously determined in its biprotonated form.
The protonated models were solvated in a water box with sodium ions to ensure
charge neutrality of the overall system. The OPLS-AA force field was applied
to the protein,180 while the TIP3P model was used for the water molecules.181
Since the chromophore is formed by three amino acids, we chose suitable
parameters from the OPLS-AA force field. A good agreement exists between
the OPLS charges and those issuing from other methods (see Table A.1), which
guarantees accurate results of the computational study. Periodic boundary
conditions were applied, and nonbonding interactions were calculated by
using an atom-based force-switching truncation function with inner and outer
cut-offs of 8 Å and 12 Å, respectively.124
First, we optimized all atomic positions of the protein by using a conjugate
gradient algorithm with an integration step of 10−3 Å, until the root mean
square of the force components reaches 10−1 kJ mol−1 Å−1. Then, we per-
formed Langevin molecular dynamics (MD) simulations at 300 K with an
integration step of 1 fs and a collision frequency of 25 ps−1. Residues and
water molecules having atoms less than 12 Å from the hydroxyl group of the
chromophore were allowed to move, while the remaining part of the system
was fixed. The equilibration of the temperature and the potential energy were
reached before performing 500 ps of MD simulations.
A.1.4 PALM ANALYSIS AND IMAGE RECONSTRUCTION
PALM images were acquired using an Olympus IX-71 inverted micro-
scope, equipped with a PlanApochromat60×1.4 objective lens (Olympus),
a Z442/488/568RPC dichroic mirror (Chroma Technology Inc, Rockingham,
Vermont, USA) and an EM-CCD camera (ImagEM, Hamamatsu Photonics,
Hamamatsu City, Japan) with 512× 512 pixels and an acquisition rate of 30 ms
per frame. A 405-nm laser (Excelsior 405C-100, Spectra Physics) was used to
photoconvert the fluorescent proteins. Green and red species were excited with
a 488-nm laser (Excelsior-488, Spectra-Physics, ∼125 W cm−2) and a 561-nm
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laser (Excelsior 561C-75, Spectra-Physics,∼110 W cm−2) illumination in Köhler
mode, respectively. Green-to-red photoconversion was achieved by irradiating
the sample with the 405-nm laser (∼7 W cm−2 on the sample) for 20 s to 30 s.
The fluorescence image was acquired through an HQ527/30M band pass filter
(Chroma Technology Inc.) for the green state and HQ595/40M band pass filter
(Chroma Technology Inc.) for the red state. The image was further magnified
3.3× with a tube lens, resulting in a maximum field of view of 41 × 41 µm2 (80
× 80 nm2 per pixel) on the EM-CCD chip.
The acquired data were analyzed using a home-made software package, the
details of which will be reported elsewhere. Briefly, prospective emitters in each
frame were localized using nonlinear least squares fitting of a two-dimensional
symmetric Gaussian function. The quality of each fit was verified by comparing
the fitted amplitude with the local background, and by requiring that the fitted
standard deviation was within 50% of the theoretically expected value, with
unsuccessful localizations being discarded. Additionally localizations that were
judged to be too close to one another for interference-free localization (within 4
times the standard deviation of the point spread function (PSF)) were discarded.
The resulting dataset was then analyzed to recognize those situations where
single emitters were active over multiple frames, combining these into a single
event. This postprocessing step prevents these emitters from appearing with
undue weight compared to those that are only present in a single frame, and
also allows an estimate of the localization error by comparing subsequent
localizations of the same emitter, which is the value reported in the main text.
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A.2 SUPPLEMENTAL FIGURES AND TABLES
Figure A.1 – (related to Figure 2.1) Structural overlay of several photoactivatable
fluorescent proteins
Structural overlay of several photoactivatable fluorescent proteins. (A) The
chromophores of several commonly used RSFPs and PCFPs and their microenvironment
are overlaid: mEosFP (cyan, PDB: 3P8U), KikGR (green, PDB: 2DDD), Dendra2 (blue,
PDB: 2VZX), Dronpa (white, PDB: 2Z1O) and Kaede (golden, PDB: 2GW3), showing
their very high structural identity. (B) The electrostatic interaction between Arg66 and
the chromophore is disrupted in the case of Dendra2 (due to the direct interaction
between Thr69 and Arg66), increasing the fraction of neutral form and promoting
photoconversion in this fluorescent protein. H-bonds and Van der Waals interactions
are represented in red and blue distance labels, respectively.
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Table A.1 – (related to Figure 2.1) Optical properties of photoswitchable and
photoconvertible fluorescent proteins discussed.
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Dronpa24 + -
Dronpa-2105 Dronpa M159T ++ -
Dronpa-3105 Dronpa
V157I
+++ -
M159A
rsFastLime104 Dronpa V157G +++ -
bsDronpa100 Dronpa
V157G
+++ -M159C
F173C
Padron*100 Dronpa
V157G
+++ -
M159Y
EosFP43 - +
IrisFP56 EosFP F173S +++ +
mIrisFP91 EosFP
A69V
+++ +
F173S
K145I
Y189A
mEosFP-M159A EosFP M159A ++ -
mEosFP-F173S EosFP
A69V
++ +
F173S
Dendra240 - ++
Dendra2-M159A Dendra2 M159A ++ +
NijiFP Dendra2 F173S ++ ++
*Positive switching
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Figure A.2 – (related to Figure 2.2) Concentration-dependent oligomerization of
Dendra2, mEosFP and their mutants
Concentration-dependent oligomerization of Dendra2, mEosFP and their mutants.
Comparison between the Dendra2 and EosFP-derived crystal packings. The first four
panels show the composition of monomer (black), dimer (red), and tetramer (blue) in
Dendra2, Dendra2 F173S, IrisFP and mEosFP F173S estimated from the association
constants. The two bottom panels represent the equilibrium radial absorbance of the
four proteins and the content of the asymmetric unit of the crystallographic structures
of EosFP, mEosFP, IrisFP and Dendra2.
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Figure A.3 – (related to Figure 2.2) Quaternary organization in crystal structures of
EosFP and mEosFP
Quaternary organization in crystal structures of EosFP and mEosFP. At the interface
A/B of EosFP wild-type (PDB: 1ZUX), the interactions between Ile102 and Val123 cease
when Val123 is mutated to a threonine in mEosFP (PDB: 3P8U). At the interface A/C,
while a complex network of contacts between Asp156, Thr158, Arg170 and Asp172
forms a strong interaction between respective chains in EosFP, the mutation of Thr158
into a histidine disrupts most of this network in mEosFP. However, at both interfaces,
a pair of histidines of respective chains (His158 for the interface A/C and His121 at
the interface A/B), form pi-stackings that are probably responsible for the tetrameric
organization of mEosFP in its crystal structure (reinforced by sulfate ions at the interface
A/B) and the tendency of this protein to form oligomers at increasing concentrations.
150 SI RATIONAL DESIGN OF NIJIFP
Figure A.4 – (related to Figure 2.3) Absorption and emission spectra of green and red
states of EosFP, Dendra2 and their mutants
Absorption and emission spectra of green and red states of EosFP, Dendra2 and
their mutants. Absorption spectra are represented in dotted (pH 4) and solid (pH
9) lines. Fluorescence emission spectra are shown as a thicker solid line. The top-right
panel represents the photoswitching timecourse of mEosFP (red), Dendra2 (black) and
Dendra2 F173S (blue) solutions. The samples were repeatedly irradiated with 488-nm
and 405-nm light while the peak absorption was recorded every 7.5 seconds.
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Figure A.5 – (related to Figure 2.3) Chromophoric protonation of green and red states
of the proteins as a function of pH
Chromophoric protonation of green and red states of the proteins as a function of pH
(ordered by decreasing pKa). To calculate pKa values of each protein’s chromophore,
the maximum absorption peaks of anionic (squares) and neutral (circles) states were
measured between pH 4 and 10 and the titration was fitted to a Henderson-Hasselbalch
relation (sigmoid curves). While the evolution of both peaks was fitted for the green
states (lefthand part in each panel), only the anionic peak was followed in the red states
(righthand part of each panel) to avoid errors in incompletely photoconverted proteins
since the neutral state of the red species and the anionic state of the green species
generally overlay. Dronpa and mEosFP M159A are not photoconvertible to the red and
thus only the evolutions of their anionic and neutral states in their green states were
followed. The bottom-right spectra depict typical absorption measurements with the
example of Dendra2 F173S in green (top) and red (bottom) states. The arrows indicate
the pH increase.
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Table A.2 – (related to Figure 2.4) Atomic charges calculated for the hydroxyphenyl
moiety of the chromophore and interaction energies with its microenvironment. (A)
Comparison of the atomic charges in atomic units obtained with different methods
(Optimized Potentials for Liquid Simulations (OPLS), Pairwise Distance Directed
Gaussian / Optimized Potentials for Liquid Simulations (PDDG/OPLS) and Partial
Equalization of Orbital Electronegativity (PEOE)) for the hydroxyphenyl moiety of the
chromophore. (B) Statistics of the energies of interaction between the hydroxyphenyl
moiety of the chromophore and its potential hydrogen-bonding partners in mEosFP
and its variant M159A. The calculations are based on the last 200 ps of the atomistic
simulations illustrated in Figure 2.3.
A Atomic charges of phenolate Atomic charges of phenol
Atom OPLS PDDG/OPLS PEOE OPLS PDDG/OPLS PEOE
Cpara -0.21 -0.28 -0.03 -0.12 -0.15 -0.03
Cmeta -0.21 -0.04 -0.06 -0.12 -0.08 -0.06
Hmeta 0.12 0.14 0.08 0.12 0.16 0.08
Cortho -0.21 -0.35 -0.05 -0.12 -0.26 -0.03
Hortho 0.12 0.17 0.09 0.12 0.18 0.10
C 0.40 0.39 -0.01 0.15 0.13 0.04
O -0.60 -0.53 -0.60 -0.58 -0.27 -0.60
H 0.43 0.27 0.41
B
Average Interaction Energy Phenol-Partner in kJ mol−1
(rmsd in brackets)
Partner
mEosFP mEosFP mEosFP-M159A mEosFP-M159A
anionic neutral anionic neutral
Ser142 -30.6 (9.4) -19.7 (5.5) -6.0 (2.6) -23.5 (4.4)
Res 159 -6.2 (7.6) -14.4 (2.3) -1.4 (0.3) -0.4 (0.1)
W1 & W2 -46.2 (6.9) -14.6 (4.3) -92.7 (8.7) -2.0 (1.4)
The OPLS charges were used for pKa calculations, atomistic simulations and calculation
of interaction energies. Löwdin charges were obtained from hybrid PM3-PDDG/OPLS
calculations, which provide reference values for the chromophore (QM region) within
the mEosFP protein matrix (MM region). PEOE charges182 of the chromophore in vacuo
were used for the initial optimization of the protein hydrogen bonds network with the
PDB2PQR program.123 rmsd = root mean square deviation (rmsd)
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Table A.3 – (related to Figure 2.4) Data collection, refinement and structure quality
statistics of mEosFP. (PDB ID: 3P8U).
Data collection statistics
Beamline ESRF / ID14-3
Wavelength, Å 0.931
Space group P212121
Cell dimensions
a, b, c, Å 86.45, 96.82, 140.43
α, β, γ, ° 90, 90, 90
Resolution, Å 48.4-2.25 (2.5-2.25)(a)
Rsym, %(b) 7.9 (51.3)
Mean I/σ(I) 15.7 (3.1)
Completeness, % 92.8 (99.5)
No. of total reflections 274651 (73708)
No. of unique reflections 56351 (15034)
Refinement statistics
Rcryst / Rfree(c) 0.221 / 0.284
No. of atoms (protein) 7769 (7288)
No. of water 386
Rmsd bond lengths, Å 0.015
Rmsd bond angles, ° 1.606
Average B factor, Å
2
All atoms 33.2
Chromophore 27.9
Ramachandran plot
Most favored region, % 98.6
Allowed region, % 1.4
Outlier region, % 0.0
(a)Values in parentheses refer to the highest resolution shell. (b)Rsym =
∑j ∑h |Ih,j−〈Ih〉|
∑j ∑h Ih,j
.
(c)Rcryst = ∑h
|Fobs−Fcalc|
∑h FobsRfree
is calculated with a small fraction (5%) of reflections chosen to
be part of a test group.
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Figure A.6 – (related to Figure 2.5) Photoconversion and photostability of Dendra2 and
Dendra2 F173S (NijiFP) in cells
Photoconversion and photostability of Dendra2 and Dendra2 F173S (NijiFP) in cells. (A)
HeLa cells expressing Dendra2- and Dendra2 F173S-fused actin were photoconverted
with 405-nm light while red and green fluorescence were measured. The green and
red fluorescence are shown, together with a merged image. The actual size of each
panel is 41× 41µm. (B) To provide an estimate for the photoconversion to and the
photostability of the red form of Dendra2 (black line) and Dendra2 F173S (blue line)
HeLa cells expressing Dendra2- and Dendra2 F173S-fused actin were photoconverted
and the total intensity of the red channel was integrated and plotted in time.
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Figure A.7 – (related to Figure 2.5) Dendra2 F173S-, mEosFP F173S-, Dendra2- and
mEosFP-labeled actin as imaged using a confocal microscope
Dendra2 F173S-, mEosFP F173S-, Dendra2- and mEosFP-labeled actin as imaged using a
confocal microscope. First, proteins in a specific region of interest were photoconverted
from the green to the red state using 405-nm light. The cells were kept at room
temperature to allow the intracellular dynamics of actin. Subsequently, the green
fluorescence was switched off using 488-nm light and recovered using 405-nm light.
Intensity scales for green and red emission are identical for all pictures. Scale bar: 20 µm

APPENDIXB
SUPPLEMENTARY INFORMATION ON
GREEN-TO-RED
PHOTOCONVERTIBLE DRONPA
MUTANT FOR MULTIMODAL
SUPER-RESOLUTION
FLUORESCENCE MICROSCOPY
B.1 SUPPORTING METHOD 1: PROTEIN PURIFICATION.
pRSet containing the protein of interest was transformed into JM109(DE3)
E. coli cells (Promega) and a single colony was picked to inoculate 350 ml
of LB medium supplemented with ampicillin. The culture was incubated at
20 ◦C for 48-72 h, until it was visibly green. The bacterial cells were harvested,
resuspended in TN buffer (100 mM Tris, 300 mMNaCl, pH 7.4) and lysed using
a French press, the pressure cell of which was kept at 4 ◦C. The proteins were
loaded onto a HisTrap FF Crude column (GE Healthcare) using an Äkta
Prime system (GE Healthcare). The column was washed with TN buffer
supplemented with 20 mM imidazole and eluted in TN buffer containing
500 mM imidazole. The protein solutions were concentrated and the buffer
was changed to TN buffer without imidazole using a Vivaspin 10 000 MWCO
(Sartorius Stedim). For crystallization purposes, the concentrated protein
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solution was loaded onto a HiLoad Superdex 200pg column (GE Healthcare)
equilibrated and ran with TN buffer without imidazole to remove small
impurities. Afterwards, the protein solution was concentrated again and the
buffer was exchanged for 0.1× TN buffer using a Vivaspin 10 000 MWCO.
B.2 SUPPORTING METHOD 2: CALCULATION OF PHOTOSWITCH-
ING AND PHOTOBLEACHING QUANTUM YIELD
DIRECT METHOD. The QY of photoswitching (φ) is defined as the number of
switching events per unit of time (−dN/dt) per number of absorbed quanta
per unit of time (Q):
φ =
−dN/dt
Q
The number of photoswitching events per unit of time is proportional to the
change of OD per unit of time. Lambert-Beer’s law says that OD = εcl with ε
the extinction coefficient, c the concentration in M and l the pathlength of the
absorption measurement. The concentration can also be expressed in terms of
number of molecules per volume: c = NNA ·V with N the number of molecules,
NA Avogadro’s number and V the volume of the cuvette. Taken together, we
can thus write:
dN
dt
=
NA ·V
ε · l
dOD
dt
The number of absorbed quanta per unit of time (Q) can be derived from the
OD at any moment in time. However, we are considering the OD as seen by the
laser, which we call ODl . This is not necessarily the same OD as the absorption
measurement. For instance, in our setup (Supporting Figure B.10), the cuvette
is irradiated from above, so ODl depends on the dimensions of and the volume
in the cuvette. We define I as the intensity at the end of the path traveled by the
laser line, I0 the intensity of the laser striking the cuvette, I0 · S the laser power
and hcλ is the energy of a photon emitted by the laser. Since ODl = − log(I/I0),
we can calculate the number of absorbed quanta per unit of time:
Q =
I0S · λ
hc
(1− 10−ODl )
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Together, these two formulas give an expression for the quantum yield of
photoswitching, which is constant in time during the measurement:
Q =
NA ·V · hc
ε · l · I0 · S · λ ·
dOD/dt
1− 10−ODl
FIT MODEL. An alternative method for calculating the quantum yield of
photoswitching defines the change in number of emitting molecules N and
uses φ as a fit parameter. The derivation is somewhat more complicated, but the
final formula does not include the time derivative of the OD, which simplifies
fitting and yields more reliable results. This formula, however, can only be
used if the absorption at the wavelength of laser irradiation is followed in time.
We begin by defining that the change of number of emitting molecules in time
is proportional to the number of absorbed quanta multiplied by the quantum
yield of photoswitching. Since the number of absorbed quanta is proportional
to I− I0 with I0 the incident laser intensity and I the laser intensity after passing
the cuvette, we can write:
dN = − I0 · S · λ
hc
(1− 10−ODl )φdt
= −A(1− eBN)dt
with A =
I0 · S · λ
hc
· φ
and B =
ln(10) · ε · ll
NA ·V
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We now integrate this function from t = 0, where there are N0 emitting
molecules, to t, with N absorbing molecules.
∫ N
N0
dN
1− e−BN = −A
∫ t
t=0
dt
[
ln e−BN − ln(1− e−BN)
]N
N0
= BAt
ln
1− e−BN0
1− e−BN = B(At + N − N0)
N =
ln(eb(N0−At) − e−BAt + 1
B
=
1
B
ln(1− (1− eBN0)e−BAt)
And since the cuvette is continuously stirred (Supporting Figure 10), so that
the protein solution is homogeneous at all time, we can write:
OD = ODl · lll = N · B ·
l
ll
Combining this formula with the previous, results in:
OD =
l
ll
(
1−
(
1− e lll OD0
)
e−BAt
)
Fitting this formula to the observed decay with as a fit variable, yields the
photoswitching quantum yield.
SWITCHING CONTRAST. For most on/off-photoswitching molecules, the
sample does not reach complete off-switching. In order to account for this,
an additional term (ODres) can be included in the fit model, that takes this into
account and results in better fits:
OD =
l
ll
(
1−
(
1− e lll OD0
)
e−BAt
)
+ODres
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The addition of this term does mean that the solution is now an approximation
rather than an exact expression.
B.3 SUPPORTING METHOD 3: X-RAY DIFFRACTION EXPERI-
MENTS AND STRUCTURE DETERMINATION AND REFINE-
MENT.
Diffraction data of the green-on and red-on pcDronpa crystals were collected
at a diffractometer using a Rigaku 007 X-ray source (Cu-Kα rotating anode
with wavelength of 1.5418 Å) with High-Flux optics, a Mar345 image plate
detector and an Oxford Cryosystems 700 series cryojet at 110 K. Data of the
green-off pcDronpa and pcDronpa-A69T crystals were collected on a PILATUS
detector with wavelength of 1.00 Å under a nitrogen cryostream of 100 K at the
beamline PXII and PXIII, respectively, of the SLS at the PSI, Switzerland.
Data were indexed and integrated with either iMOSFLM183 or XDS vDecember
6 2010118 and scaled with SCALA v3.3.16.184 The structures were solved by
the molecular replacement method, using the program Phaser v2.1.4.119 The
coordinates of chain A of Dronpa, PDB ID 2Z1O and 2IE2, were used as
search models in solving the structures of the green-on state of pcDronpa and
pcDronpa-A69T, respectively. The green-off and red-on pcDronpa structures
were solved with the green-on pcDronpa structure as search model. The
likelihood-based refinement was carried out using phenix.refine185 with
each subsequent refinement cycles consisting of three macro-cycles of bulk-
solvent and anisotropic scaling, individual coordinate and isotropic B-
factor refinements, and refinement of occupancies for atoms in alternative
conformations. NCS restraints were applied for the main-chain of each
monomer. The chromophores and the mutated residues were consequently
modelled into the unambiguous difference map with the program Coot
v0.6.1121 after the first and subsequent refinement cycles. Water molecules were
included in the model if they were within hydrogen bonding distance (1.8 Å to
3.5 Å) to chemically reasonable groups, appeared in mFo-DFc maps contoured
at 3.0σ, and had a B-factor less than 80 Å
2
, using the water picking mode
in phenix.refine. Fragments of polyethylene glycol were found and placed
reasonably in the electron-density maps during the refinement the pcDronpa
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structures, while potassium ions were found and refined in the pcDronpa-A69T
structure. The standard dictionary files were used, with additional dictionary
entries for the chromophores and ligands created by eLBOW.186 The data
and refinement statistics are shown in Supporting Table 1. The structures
of pcDronpa in green-on, green-off, and red-on state and pcDronpa-A69T
are deposited in the PDB with the ID codes 4HQ8, 4HQ9, 4HQC and 4IZN,
respectively.
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B.4 SUPPORTING FIGURES AND TABLES
Numbering and alignment of several proteins discussed throughout the article
Figure B.1 – Primary sequence alignment of 22G, Dronpa, ffDronpa, pcDronpa and
pcDronpa2. Residues that are different compared to Dronpa are highlighted in grey.
The chromophore-forming residues are represented in white letters, with the residues
as they exist in Dronpa highlighted in black. Throughout the article, the numbering
corresponds to the Dronpa numbering as used in this figure.
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Size-exclusion chromatography
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c
MMapp (kDa) Oligomeric state
22G 116.5 Tetramer
Dronpa 28.3 Monomer
pcDronpa 109.9 Tetramer
pcDronpa2 107.8 Tetramer
pcDronpa_N158E 118.5 Tetramer
pcDronpa2_N158E 116.9 Tetramer
pcDronpa_N158E_Y188A 56.3 Dimer
pcDronpa2_N158E_Y188A 56.3 Dimer
pcDronpa2_V123T_N158E_Y188A 32.1 Monomer
Figure B.2 – Size-exclusion chromatography of 22G, Dronpa, pcDronpa, pcDronpa2
and mutants thereof. From panel (a) it is clearly seen that 22G, an obligate tetramer, can
be well resolved from Dronpa, being monomeric. It is clearly seen in panel (b) and (c)
and in the table that the N158E mutation does not in itself break the A/C interface, but
does so in combination with Y188A. The V123T mutation further breaks the dimer into
monomers, resulting in an elution profile similar to Dronpa, which is corroborated by
the apparent molecular mass (MMapp) calculated from the elution volume.
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Photofatigue
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Figure B.3 – Photofatigue of FP-coated Ni-NTA beads measured on a wide-field
microscope. Panel (a) and (b) show the switching behavior and photofatigue of 50
switching cycles of 22G and 40 switching cycles of Dronpa, respectively. As can be
seen from panel (c) and (d), the photofatigue of 50 switching cycles of pcDronpa and
pcDronpa2 closely resembles that of 22G, which can be explained by the tetrameric
nature of all three. In the table, the exact illumination schemes for one switching cycle
of 22G, pcDronpa and pcDronpa2 on the one hand and Dronpa on the other hand
are given. Intensities are represented in percentages and corresponding color names
as given by the Lumencor Sola Light Engine. It is clear that Dronpa requires much
less illumination power to achieve a similar switched-off fraction compared to 22G,
pcDronpa and pcDronpa2. This is confirmed by the photoswitching quantum yield that
can be found in Table 3.1.
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Absorbance of the green and red state of pcDronpa, pcDronpa2 and mEos3.2 during
photoconversion
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Figure B.4 – Absorbance of the green (505 nm) and red (569 nm) state of (A) pcDronpa,
(B) pcDronpa2 and (C) mEos3.2 during photoconversion with 405-nm light.
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pcDronpa A/B and A/C interface residues
a
b
Figure B.5 – Interfaces of the protomers in the pcDronpa tetramer. Panel (a) represents a
detail of the A/C interface. Asn158 and Tyr188 are part of a largely negatively charged
hydrophilic pocket. Introducing Glu at position 158 adds a destabilizing negative
charge while an Ala at position 188 introduces a hydrophobic residue in the hydrophilic
interface. Panel (b) represents a detail of the A/B interface. This interface is composed of
a largely hydrophobic pocket formed by interactions of Ile100, Val123 and the introduced
Ile102 from two monomers. Val123 was mutated towards Thr in order to break the
hydrophobic pocket by introducing a hydrophilic residue. β-Barrels are shown in tube
representation; polar residues are shown in stick representation; apolar residues are
shown in ball-and-stick representation. Color code: oxygen in red, nitrogen in blue,
carbon in the color corresponding with the color of the protomer. Stereo-images were
created with PyMol (www.pymol.org).
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Electron density maps of the chromophore of pcDronpa in its green-on, green-off and
red state
CR8-63 CR8-63
Phe61 Phe61
a
CR8-63 CR8-63
Phe61 Phe61
b
IEY63 IEY63
NFA61 NFA61
c
IEY63 IEY63
NFA61 NFA61
d
Figure B.6 – (a) Stereo image of the chromophore of pcDronpa in the green-on state
(CR8-63, green sticks) and Phe61 (grey sticks) in the omit map (green mesh) and 2mF0
- DFc electron density map (grey mesh) contoured at 4.0σ and 1.5σ, respectively. (b)
Stereo image of the chromophore of pcDronpa in the green-off state (CR8-63, cyan sticks)
and Phe61 (grey sticks) in the omit map (green mesh) and 2mF0 - DFc electron density
map (grey mesh) contoured at 3.0σ and 1.0σ, respectively. (c) top and (d) side view of
the chromophore of pcDronpa in the red-on state (IEY63, pink sticks) and NFA61 (grey
sticks) in the omit map (green mesh) and 2mF0 - DFc electron density map (grey mesh)
co toure at 3.5σ and 1.0σ, respectively.
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Role of the residue at position 69 in changing the pKa of the chromophore
a    pcDronpa b    pcDronpa-A69T c    Dendra2
Figure B.7 – Figure showing parts of the crystal structure of (a) pcDronpa (green, PDB:
4HQ8), (b) pcDronpa-A69T (yellow, PDB: 4IZN) and (c) Dendra2 (cyan, PDB: 2VZX).
The chromophore and residues 66 and 69 are represented in sticks. Nitrogen atoms are
colored blue and oxygen atoms are red. Residues 66 and 69 are highlighted in magenta.
The electrostatic interactions between residues 66 and 69 and between residue 69 and
the chromophore are represented in black dashed lines. As can be seen from panel (a)
and (b), mutating Ala69 to Thr in pcDronpa induced an electrostatic interaction between
the Oγ of Thr69 and Nε of Arg66, which causes a rearrangement of the Arg66 residue.
As a result, the electrostatic interactions between Nη1 and Nη2 and the keto-group of
the imidazolinone moiety of the chromophore is disrupted and negative charges on the
chromophore are less stabilized. This effect results in a rise of pKa from 5.5 to 8.0 (see
Table 1). The conformation of Arg66 and Thr69 in pcDronpa-A69T are highly similar to
those in Dendra2 (panel (c)) and thus, these observations and explanation give direct
evidence for some of the conclusions that were made on Dendra2.57
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Environment of the chromophore and residue 116 in pcDronpa, EosFP and Dendra2
a b c
W412
Figure B.8 – Structure of the chromophore environment around residue 116 in (a)
pcDronpa (green chromophore), (b) EosFP (cyan chromophore) and (c) Dendra2
(yellow chromophore). Water molecules are depicted as red spheres, oxygen atoms
are represented in red and nitrogen atoms in blue. The chromophore, residues 38, 65
and 116 are represented in sticks. (a) In pcDronpa, the Tyr116 residue takes part in a
hydrogen bonding network with amongst others W412, Gln38 and the chromophore. (b)
In EosFP, position 116 is occupied by an Asn residue. As a result, an extra water molecule
(W1159) is located at the same position as the hydroxyl group of pcDronpa’s Tyr116.
It is coordinated by hydrogen bonds with W1112, which in turn forms a hydrogen
bonding network with the chromophore’s imidazole moiety and Gln38. (c) In Dendra2,
the position of pcDronpa’s Tyr116 hydroxyl group is occupied by the Oε of Gln116. This
oxygen is in interaction with W2034, which is also coordinating a hydrogen bonding
network with the chromophore’s imidazole moiety and residue 38.
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Photostability and photoblinking of the red state
Figure B.9 – (a) Photostability of the red form of pcDronpa2 compared to the red
form of mEos3.2. The graph represents a histogram plotting the relative number of
particles having a given total detected intensity. The inset represents the mode (also
the maximum) of the intensity distribution. Error bars are calculated as the standard
deviation on the mean of 7 (pcDronpa2) or 8 (mEos3.2) independent measurements. (b)
Normalized histogram of the number of photoblinking events of a single particle of
pcDronpa2 and mEos3.2 in the red state.
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Setup used for measuring photoactivation
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Figure B.10 – Setup used for measuring the photoswitching and photobleaching
quantum yields. A 405 nm diode laser (Coherent CUBE, 100 mW), a 488 nmnm Ar-
ion gas laser (Spectra Physics, 60 mW) and a 561 nm DPSS laser (Cobolt Jive, 75 mW)
are combined into a single beam using appropriate dichroic mirrors and directed into a
1 × 1 cm cuvette from above. Software-controlled shutters (SH05, Thorlabs) are placed
in each line separately. From the 488 nm line, a mounted coverslip directs a fraction
of the light through an additional shutter into an optical fiber, which is coupled to
the cuvette. A miniature deuterium-tungsten halogen lamp (Ocean Optics DT-MINI-2-
GS) is mounted in-line with a miniature spectrophotometer (Ocean Optics USB-4000),
perpendicular to the 488 nm light. The cuvette holder (Ocean Optics CUV-UV-FL) is
equipped with a small magnetic stirrer (Mini 20, Sterico) and water-cooled to 10 ◦C. All
shutters and the spectrophotometer are controlled by home-written software, making
use of IgorPro (Wavemetrics).
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